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ABSTRACT 

The p r o b l e m  of ex tend ing  t r a n s p o r t  p r o p e r t y  m e a s u r e m e n t s  to 
cond i t i ons  of h igh p r e s s u r e  p < 104 a t m  and t e m p e r a t u r e  T < Z0 ,000°K 
beyond the r a n g e  of conven t i ona l  t e c h n i q u e s  is s u m m a r i z e d .  The ad-  
v a n t a g e s  of u n c o n v e n t i o n a l  t e c h n i q u e s  o v e r  conven t i ona l  t r a n s p o r t  
p r o p e r t y  m e a s u r e m e n t  t e c h n i q u e s  in r e g i o n s  w h e r e  they  o v e r l a p  a r e  
p r e s e n t e d  for  app l i c a t i on  at e x t r e m e  p r e s s u r e - t e m p e r a t u r e  cond i t ions .  
The app l i ca t i on  of u l t r a s o n i c  a b s o r p t i o n  and sound speed  to" the d e t e r -  
m i n a t i o n  of t h e r m o d y n a m i c  and t r a n s p o r t  p r o p e r t i e s  at  h igh  p r e s s u r e s  
is d i s c u s s e d .  M e a s u r e m e n t s  a r e  p r e s e n t e d  at 300°K and p r e s s u r e s  
up to I00 a rm in the a r g o n - n i t r o g e n  and h e l i u m - a r g o n  s y s t e m s .  The 
s c h l i e r e n  d i f f e r e n t i a l  i n t e r f e r o m e t e r  is app l ied  to t h e r m a l  c o n d u c t i v i t y  
m e a s u r e m e n t s  at  h igh  p r e s s u r e s  a n d / o r  t e m p e r a t u r e s .  Some t h e r m a l  
conduc t iv i ty  m e a s u r e m e n t s  in n i t r o g e n  and a i r  a r e  r e p o r t e d  at  t e m -  
p e r a t u r e s  b e t w e e n  Z000 and 5000°K. 
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SECTION I 

IN TRODU C TION 

E x p e r i m e n t s  d e s c r i b e d  in the p r e s e n t  r e p o r t  i n c l u d e  u l t r a s o n i c  
m e a s u r e m e n t s  in the h igh  p r e s s u r e  (p < 400 a tm)  r e g i o n  as w e l l  as  
s c h l i e r e n  i n t e r f e r o m e t e r  m e a s u r e m e n t s  in  the h igh  t e m p e r a t u r e  
(1000 < T < 5000°K) r e g i o n .  U l t r a s o n i c  m e a s u r e m e n t  of sound  ab-  
s o r p t i o n  and v e l o c i t y  w e r e  m a d e  in n i t r o g e n ,  a r g o n ,  two m i x t u r e s  
of n i t r o g e n  and a r g o n ,  and a 50-50 h e l i u m - a r g o n  m i x t u r e .  The 
p r e s s u r e  of t h e s e  m e a s u r e m e n t s  r a n g e d  up to 400 a t m  at  ,~300°K. 
S c h l i e r e n  i n t e r f e r o m e t r i c  m e a s u r e m e n t s  of t h e r m a l  c o n d u c t i v i t y  of 
n i t r o g e n ,  a i r  and a h e l i u m - a r g o n  m i x t u r e  at  t e m p e r a t u r e s  up to 
5000 K and p r e s s u r e s  about  1 a t m  w e r e  ob ta ined .  The e x p e r i m e n t a l  
w o r k  was  done to ex tend  the i n f o r m a t i o n  on t r a n s p o r t  p r o p e r t i e s  
n e e d e d  fo r  e n g i n e e r i n g  d e s i g n  at  h igh  p r e s s u r e s  and t e m p e r a t u r e s  as  
we l l  as  fo r  long r a n g e  s u p p o r t  of t h e o r e t i c a l  d e v e l o p m e n t s .  

O v e r  the p a s t  two y e a r s  we have  a s s e s s e d  the p r o b l e m  a r e a s  
in t r a n s p o r t  p r o p e r t i e s  of g a s e s  ~ and d e s i g n e d  e x p e r i m e n t a l  t e c h -  
n iques  to p r o v i d e  da ta  in t h e s e  a r e a s .  The p r o b l e m  a r e a s  we have  
i n v e s t i g a t e d  a r e  shown g r a p h i c a l l y  in F i g u r e  1 fo r  a i r .  A l so  shown 
a r e  t e c h n i q u e s ,  we fee l ,  w i l l  p r o v i d e  u s e f u l  da ta  in t h e i r  r e s p e c t i v e  
r a n g e s .  H i g h e r  o r d e r  c o l l i s i o n s  at  h igh  d e n s i t i e s ,  d i f fus ion  c o e f -  
f i c i e n t s  u n d e r  cond i t i ons  w h e r e  r e a c t i o n  c o n d u c t i v i t y  is i m p o r t a n t ,  
and i o n i z e d  g a s e s ,  a r e  the m a j o r  p r o b l e m  a r e a s  we have  c o v e r e d .  
In add i t i on ,  at  low p r e s s u r e s  (1 a tm)  and i n t e r m e d i a t e  t e m p e r a t u r e s  
(1000°C) t h e r e  a r e  q u e s t i o n s  (Refs .  3, 4) about  the a v a i l a b l e  v i s c o s i t y  
m e a s u r e m e n t s  wh ich  a r e  the  m a j o r  e x p e r i m e n t a l  inputs  for  the d e t e r -  
m i n a t i o n  of a c c u r a t e  m o l e c u l a r  p o t e n t i a l  f u n c t i o n s .  The p o t e n t i a l  
f unc t i ons  a r e  n e e d e d  in e n g i n e e r i n g  p r a c t i c e  fo r  the c a l c u l a t i o n  of 
t h e r m o d y n a m i c  and t r a n s p o r t  p r o p e r t i e s .  

The so l id  l i n e s  in F i g u r e  1 show the  P - T  c u r v e  a long  w h i c h  
h i g h e r  o r d e r  c o l l i s i o n s  c a u s e  a 30"~0 and 7007o i n c r e a s e  in t h e r m a l  con-  
d u c t i v i t y  r e s p e c t i v e l y  o v e r  the low p r e s s u r e  v a l u e s .  P r e s s u r e s  above  
and t e m p e r a t u r e s  be low t h e s e  l i n e s  r e s u l t  in d e n s i t y  e f f ec t s  of e v e n  
g r e a t e r  i m p o r t a n c e .  The h e a t  t r a n s f e r  m e a s u r e m e n t  p r o v i d e s  t h e r m a l  
c o n d u c t i v i t y  and the u l t r a s o n i c  m e a s u r e m e n t s  p r o v i d e  v i s c o s i t y  and 
t h e r m o d y n a m i c s  ( s p e c i f i c  h e a t  and c o m p r e s s i b i l i t y ) .  A t h i r d  t e c h -  
n ique  w h i c h  u s e s  s c h l i e r e n  i n t e r f e r o m e t r i c  d e t e r m i n a t i o n  of the  t e m -  
p e r a t u r e  f i e ld  abou t  a h e a t e d  or  c o o l e d  c y l i n d e r  to d e t e r m i n e  t h e r m a l  

~"We have  not  c o n s i d e r e d  the i m p o r t a n t  p r o b l e m s  w h i c h  a r i s e  n e a r  a 
p h a s e  change  (I%efs. I,  Z). 
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co n d u c t i v i t y  was a l so  c o n c e i v e d  fo r  u se  a t  h igh  p r e s s u r e s  and t e m -  
p e r a t u r e s .  The end wal l  h e a t  t r a n s f e r  and the i n t e r f e r o m e t r i c  m e t h o d  
of d e t e r m i n i n g  t h e r m a l  conduc t iv i t y  a r e  not  a f f ec t ed  as m u c h  as the 
c o n v e n t i o n a l  t e c h n i q u e s  for  h igh  p r e s s u r e  app l i ca t i ons  by c o n v e c t i o n  
and r ad i a t i on .  The i n t e r f e r o m e t r i c  m e a s u r e m e n t  is capab le  of 
o p e r a t i n g  at h i g h e r  t e m p e r a t u r e s  than c o n v e n t i o n a l  t e c h n i q u e s .  In 
addi t ion ,  s o m e  q u e s t i o n s  have  a r i s e n  about  the v a l i d i t y  of p r e v i o u s  
v i s c o s i t y  m e a s u r e m e n t s  which  do not  apply  to the u l t r a s o n i c  t echn ique .  
F i n a l l y ,  t h e r m o d y n a m i c  p r o p e r t i e s  ( spec i f i c  hea t ,  c o m p r e s s i b i l i t y )  of 
the h igh  p r e s s u r e  gas  wh ich  a r e  not a lways  known a c c u r a t e l y  at  the 
p r e s s u r e s  and t e m p e r a t u r e s  of i n t e r e s t  a r e  a b y - p r o d u c t  of the u l t r a -  
son ic  v e l o c i t y  m e a s u r e m e n t .  

The p r e s s u r e - t e m p e r a t u r e  r a n g e  w h e r e  d i s s o c i a t i o n  is i m -  
p o r t a n t  is i n d i c a t e d  by the  do t ted  l i ne s .  The t h e r m a l  conduc t i v i t y  of 
a s i m p l e  d i s s o c i a t i n g  d i a t o m i c  gas  is  d i s c u s s e d  to i l l u s t r a t e  the 
p r o b l e m s  invo lved .  The e q u i l i b r i u m  t h e r m a l  c o n d u c t i v i t y  of such  
a d i s s o c i a t i n g  gas  is g iven  by 

k = k f  + pD (hm " ha ) ~-Taa 

w h e r e  a is the d e g r e e  of d i s s o c i a t i o n ,  h m and h a a r e  the en tha lpy  of 
m o l e c u l e s  and a t o m s ,  r e s p e c t i v e l y ,  and k f is the t h e r m a l  conduc -  
t iv i ty  due to t r a n s l a t i o n a l  e n e r g y  ( f rozen  t h e r m a l  conduc t iv i ty ) ,  

a a  
p D (h m - ha) - ~  is  the t h e r m a l  c o n d u c t i v i t y  due to d i f fus ion  of d i s -  

s o c i a t e d  s p e c i e s  to c o o l e r  r e g i o n s  wi th  s u b s e q u e n t  r e c o m b i n a t i o n  
( c h e m i c a l  t h e r m a l  conduc t iv i ty ) .  The c h e m i c a l  t h e r m a l  conduc t i v i t y  
is  up to 6 t i m e s  the f r o z e n  t h e r m a l  c o n d u c t i v i t y  d e p e n d i n g  on the  p r e s -  
s u r e  and t e m p e r a t u r e  as i n d i c a t e d  in F i g u r e  1. E x a m i n a t i o n  of the  
s c a n t y  e v i d e n c e  a v a i l a b l e  at h igh  t e m p e r a t u r e s  f r o m  the M a e c k e r  a r c  
and the s c h l i e r e n  i n t e r f e r o m e t e r  i n d i c a t e s  m i n i m u m  u n c e r t a i n t i e s  
(Ref. 7) of t h e r m a l  conduc t i v i t y  of 50-100% n e a r  the 50% d i s s o c i a t i o n  
t e m p e r a t u r e  in n i t r o g e n  and a i r .  The t h e r m o d y n a m i c  q u a n t i t i e s ,  P,  

~a 
ha,  h m  and ~ m a y  be c a l c u l a t e d  a c c u r a t e l y .  Accep t ing  an u n c e r -  

t a in ty  in  the d i f fus ion  c o e f f i c i e n t  (D) of 20% (as is  of ten  quo ted  in 
ex i s t i ng  t abu la t ions )  the l a r g e  en tha lp7  a s s o c i a t e d  wi th  d i s s o c i a t i o n  
( h m - h a )  t r a n s f o r m s  the. 20% u n c e r t a i n t y  in the c a l c u l a t e d  d i f fus ion  
c o e f f i c i e n t  d i r e c t l y  into a 20% u n c e r t a i n t y  in t h e r m a l  conduc t iv i ty .  
A c c u r a t e  d e t e r m i n a t i o n  of the d i f fus ion  c o e f f i c i e n t s  b e t w e e n  2000 and 
8000°K is  an i m m e d i a t e  e n g i n e e r i n g  need .  The m o s t  s e r i o u s  n e e d  
e x i s t s  a round  4000°K at p r e s s u r e s  b e t w e e n  1 /2 -30  a tm.  

2 
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The techniques shown in Figure 1 for application in the dis- 
sociating region are schlieren interferometry and the ultrasonic 
technique. Schlieren interferometry has been used during the past 
year to measure equilibrium thermal conductivities of nitrogen, 
a i r  and a h e l i u m - a r g o n  m i x t u r e  at  p r e s s u r e s  b e t w e e n  0. 1 and 1 a t m  
and a t  t e m p e r a t u r e s  about  4000°K.  The u l t r a s o n i c  t e c h n i q u e  m a y  in 
s o m e  c a s e s  be u s e d  to ob ta in  the f r o z e n  t h e r m a l  c o n d u c t i v i t y .  The 
c h e m i c a l  t h e r m a l  c o n d u c t i v i t y  and t h e r e f o r e  the d i f fus ion  c o e f f i c i e n t s  
m a y  in p r i n c i p a l  be ob ta ined  f r o m  a c o m b i n a t i o n  of the s c h l i e r e n  and 
u l t r a s o n i c  t e c h n i q u e s .  

The high t e m p e r a t u r e  r a n g e  above  10, 000°K has  not  been  
i n v e s t i g a t e d  u n d e r  the p r e s e n t  c o n t r a c t  but  i t  is  one of the a r e a s  of 
m a j o r  u n c e r t a i n t y .  The t r a n s p o r t  p r o p e r t i e s  of i o n i z e d  g a s e s  b e -  
t w e e n  0. 1 and 100 a t m  a r e  an e n g i n e e r i n g  r e q u i r e m e n t  fo r  the 
d e v e l o p m e n t  and u s e  of h igh  e n t h a l p y  t e s t  f a c i l i t i e s .  The t e c h n i q u e s  
w h i c h  have  been  s u c c e s s f u l l y  app l i ed  to th is  a r e a  a r e  the M a e c k e r  a r c  
t e c h n i q u e  (Refs .  5, 6, 7) and the u l t r a s o n i c  t e c h n i q u e  (Refs .  8, 9, 10). 
E l e c t r i c a l  c o n d u c t i v i t y  m e a s u r e m e n t s  a r e  a l s o  u s e f u l .  The u l t r a s o n i c  
t e c h n i q u e  r e q u i r e s  r e a c t i o n  r a t e s  fo r  i o n i z a t i o n  and c o l l i s i o n  n u m b e r s  
fo r  e l e c t r o n i c  e x c i t a t i o n  to ob ta in  t r a n s p o r t  p r o p e r t i e s .  The M a e c k e r  
a r c  t e c h n i q u e  r e q u i r e s  e l e c t r i c a l  c o n d u c t i v i t y  and r a d i a t i v e  p r o p e r t i e s  
of the gas  to be known b e f o r e  the t h e r m a l  c o n d u c t i v i t y  can  be de t e r=  
m i n e d .  The s c h l i e r e n  i n t e r f e r o m e t r i c  t e c h n i q u e  on the end wa l l  of 

k 
the s h o c k  tube m a y  be u s e d  to ob ta in  ~ -  b e t w e e n  8000 and 1 5 , 0 0 0 ° K  

P 
wi th  no k n o w l e d g e  of o t h e r  gas  p r o p e r t i e s  e x c e p t  the G l a d s t o n e - D a l e  
constant (Refs .  II, 12, 13). 

Summarizing, the methods discussed below include end wall heat 
transfer and ultrasonic absorption for high pressure transport property 
measurements. These experiments are complementary since end wall 
heat transfer .provides thermal conductivity and ultrasonics provide 
viscosity and thermodynamics. A new experiment involving schlieren 
m e a s u r e m e n t s  of the d e n s i t y  f i e ld  abou t  a h o r i z o n t a l  c y l i n d e r  in  con-  
v e c t i v e  f low is m e n t i o n e d  to p r o v i d e  h igh d e n s i t y  t h e r m a l  c o n d u c t i v i t y  
a t  h igh  t e m p e r a t u r e s  (T ~ 3000°K).  The s c h l i e r e n  i n t e r f e r o m e t r i c  
m e a s u r e m e n t  in the  end wa l l  b o u n d a r y  l a y e r  is  a l s o  p r e s e n t e d  as a 
m e a n s  of m e a s u r i n g  e q u i l i b r i u m  t h e r m a l  c o n d u c t i v i t y  in the low p r e s -  
s u r e s ,  h igh  t e m p e r a t u r e s  r e g i o n  w h e r e  c h e m i c a l  r e a c t i o n s  a r e  in 
p r o g r e s s .  This  m e a s u r e m e n t  c o m b i n e d  wi th  u l t r a s o n i c  m e a s u r e m e n t s  
of f r o z e n  t h e r m a l  c o n d u c t i v i t y  p r o v i d e s  the r e a c t i o n  c o n d u c t i v i t y .  The  
r e a c t i o n  c o n d u c t i v i t y  is the ch i e f  s o u r c e  of p r e s s u r e  d e p e n d e n c e  in 
c h e m i c a l l y  r e a c t i n g  g a s e s  ( d i s s o c i a t i n g  air} and is t h e r e f o r e  an  i m m e d i a t e  
e n g i n e e r i n g  r e q u i r e m e n t .  F i n a l l y ,  new m e a s u r e m e n t s  r e l a t i n g  to c o n d u c -  
t iv i ty ,  v i s c o s i t y ,  d i f fu s ion  c o e f f i c i e n t s  and t h e r m o d y n a m i c  p r o p e r t i e s  of 

s e v e r a l  g a s e s  a r e  p r e s e n t e d .  
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SE C TION II 

THEORY OF ULTRASONIC ABSORPTION AT HIGH PRESSURES 

Z. 1 CONSERVATION EQUATIONS AND EQUATIONS OF STATE 

The u l t r a s o n i c  m e t h o d  fo r  d e t e r m i n i n g  t r a n s p o r t  p r o p e r t i e s  of 
gas  was  u s e d  to d e t e r m i n e  the e f f ec t s  of d e n s i t y  on the t r a n s p o r t  and 
t h e r m o d y n a m i c  p r o p e r t i e s  of g a s e s .  The g e n e r a l  r a n g e  of a p p l i c a t i o n  
of the u l t r a s o n i c  t e c h n i q u e s  ( inc lud ing  B r i l l o u i n  s c a t t e r i n g )  was  d i s -  
c u s s e d  in l a s t  y e a r '  s r e p o r t  (Ref. 7). 

The p r e s e n t  d i s c u s s i o n  p r o v i d e s  w o r k i n g  e q u a t i o n s  fo r  u l t r a -  
son i c  a b s o r p t i o n  and d i s p e r s i o n  w h i c h  a r e  v a l i d  at  h igh  d e n s i t i e s  
(p~  400 a tm) .  The u s u a l  e x p r e s s i o n s  for  sound a b s o r p t i o n  and v e l o c i t y  
in low p r e s s u r e  g a s e s  have  the d e n s i t y  e l i m i n a t e d  in f a v o r  of the p r e s -  
s u r e  u s i n g  the e q u a t i o n  of s t a t e .  H o w e v e r ,  d e n s i t y  is the f u n d a m e n t a l  
v a r i a b l e  and is s i m p l e r  to keep  a t  h igh  d e n s i t i e s .  The p o t e n t i a l  e n e r g y  
of a m o l e c u l e  in the  f i e ld  of i t s  n e i g h b o r s  b e c o m e s  an i m p o r t a n t  c o n t r i -  
bu t ion  to the i n t e r n a l  e n e r g y  at  h igh  d e n s i t i e s .  This  l e a d s  to the a p p e a r -  
ance  of a t e r m  p r o p o r t i o n a l  to the e x c e s s  d e n s i t y  in  the e q u a t i o n  of s t a t e  
for  the i n t e r n a l  e n e r g y .  H o w e v e r ,  the i n t e r a c t i o n  of a m o l e c u l e  wi th  i t s  
n e a r e s t  n e i g h b o r  is  not  s u f f i c i e n t  to a f f ec t  the r o t a t i o n a l  and v i b r a t i o n a l  
(Ref.  14) r e l a x a t i o n  t i m e s  up to d e n s i t i e s  a p p r o a c h i n g  l iqu id  d e n s i t i e s .  
The c h a n g e  in r e l a x a t i o n  t i m e  w h i c h  does  o c c u r  is due to a c h a n g e  in 
c o l l i s i o n a l  t i m e  r a t h e r  than  the t r a n s i t i o n  p r o b a b i l i t y .  F i n a l l y ,  an 
a d d i t i o n a l  e f f e c t  w h i c h  b e c o m e s  i m p o r t a n t  n e a r  l iqu id  d e n s i t i e s  is a 
bu lk  v i s c o s i t y  due to h i g h e r  o r d e r  c o l l i s i o n s .  

The b a s i c  p h e n o m e n a  w h i c h  g o v e r n  the sound  a b s o r p t i o n  and 
s p e e d  a r e  c o n s e r v a t i o n  of 

N ~ N 

8U + p 8v k 8 2 T 
- -  - -  - Z - 0 (1) e n e r g y  a t  p 8x  P 8 x 

m o m e n t u m  8._.X.v 1 4 8 Z v  
8 t  

a x  

N 

8 v  
m a s s  ~ + p - -  = 0 (3 )  

a t  a x  
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and the equa t ions  of s t a t e  for  p r e s s u r e  

N 

N 

P--- = KT p _ ~ T 
. P 

(4) 

and i n t e r n a l  e n e r g y  U = p ( s )  

w h e r e  the t i lde  r e p r e s e n t s  the f l uc tua t ing  p a r t  of the d e p e n d e n t  v a r i a b l e s  
and the d e p e n d e n t  v a r i a b l e s  a r e  the i n t e r n a l  e n e r g y  U, t e m p e r a t u r e  T, 
d e n s i t y  p ,  p r e s s u r e  p, and v e l o c i t y  v. The l i n e a r i z e d  c o n s e r v a t i o n  
equa t ions  a r e  e x a c t  for" t y p i c a l  sound w a v e s  b e c a u s e  the f l u c t u a t i o n  of 
t e m p e r a t u r e ,  p r e s s u r e ,  and d e n s i t y  in a t y p i c a l  sound wave  a r e  about  
10" of the  a m b i e n t  v a l u e s .  The only  a s s u m p t i o n s  invo lved  in the equa -  
t ions  of s t a t e  a r e  t hose  fo r  s m a l l  d e p a r t u r e s  f r o m  e q u i l i b r i u m ,  the 
i s o t h e r m a l  c o m p r e s s i b i l i t y  K T, t h e r m a l  c o e f f i c i e n t  of e x p a n s i o n  ~;  
s p e c i f i c  h e a t  C v = (8 U / 8  T)p , and (8 U/% p )T a r e  e s s e n t i a l l y  the e q u i l i b -  
r i u m  p r o p e r t i e s  of the  gas .  

Z. Z SOUND SPEED AND SPECIFIC HEAT RATIO DETERM/NATION 

The assumption that the ultrasonic pulse may be made up of expo- 
nentially damped plane waves leads to an expression for the absorption 
coefficient a and sound speed c. The viscosity and thermal conductivity 
are set equal to zero in the sound speed calculation since they have a 
negligible effect on the sound speed in the continuum density range 
(Refs. 9, I0). The condition that Eqs. (1-5) have a plane wave solution 

g i v e s  

I__ P KTC 
= v (6)  

c Cv+ -p 

Using  the t h e r m o d y n a m i c  i d e n t i t y  

(7 )  
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the sound s p e e d  b e c o m e s  

Z _ _ _ _ l _  
c - ( 8 )  

P K T 

The sound s p e e d  m e a s u r e d  as a func t ion  of both  t e m p e r a t u r e  and 
p r e s s u r e  is s u f f i c i e n t  to d e t e r m i n e  a l l  the t h e r m o d y n a m i c  p r o p e r t i e s  of 
the gas  (Ref. 7). H o w e v e r ,  in the p r e s e n t  i n s t a n c e  i t  is  m o r e  v a l u a b l e  
to u s e  c o m p r e s s i b i l i t y  f a c t o r s  f r o m  p V  T m e a s u r e m e n t s  to ob ta in  the 
s p e c i f i c  h e a t  r a t i o  7 .  The sound s p e e d  in t e r m s  of the c o m p r e s s i b i l i t y  
is  

c = y z R T  1 -  (9)  
T 

E q u a t i o n  (9) is  u s e f u l  (as i s  d e s c r i b e d  be low)  to ob ta in  s p e c i f i c  h e a t  r a t i o s  
fo r  r e d u c i n g  sound a b s o r p t i o n  to t h e r m a l  c o n d u c t i v i t y .  

2 . 3  T H E R M A L  CONDUCTIVITY AND VISCOSITY 

The a b s o r p t i o n  due to t h e r m a l  c o n d u c t i v i t y  and v i s c o s i t y  r e f e r r e d  
to as  the c l a s s i c a l  a b s o r p t i o n  a c m a y  be  s i m i l a r l y  d e r i v e d  f r o m  E q s .  (1-5)  
(Ref.  10). The r e s u l t i n g  e x p r e s s i o n  is 

2 - 2 3 ~+ C 
~o c p 

w h e r e  p is  the d e n s i t y ,  c sound  s p e e d ,  C_ s p e c i f i c  h e a t ,  7 s p e c i f i c  h e a t  
r a t i o ,  ~ v i s c o s i t y  and k t h e r m a l  conduc~zvi ty .  The v i s c o s i t y  and t h e r m a l  
c o n d u c t i v i t y  t e r m s  i n c r e a s e  w i t h . p r e s s u r e .  H o w e v e r ,  the  sound s p e e d  
cubed  in the d e n o m i n a t o r  of (1) i n c r e a s e s  about  the s a m e  a m o u n t  b e t w e e n  
l -Z00  a t m .  The r e s u l t  i s  tha t  pa c / ~  2 is  e s s e n t i a l l y  c o n s t a n t  in  th is  p r e s -  
s u r e  r a n g e .  

The t h e r m o d y n a m i c  q u a n t i t i e s  c,  7 ,  and Cn a r e  known  v e r y  a c c u -  
r a t e l y .  The t h e r m a l  c o n d u c t i v i t y  or  v i s c o s i t y  m a ~  t h e r e f o r e  be d e t e r m i n e d  
w h e n  i n d e p e n d e n t  m e a s u r e m e n t s  of e i t h e r  t r a n s p o r t  p r o p e r t y  a r e  a v a i l a b l e .  
On the o t h e r  hand,  the m e a s u r e d  sound a b s a r p t i o n  m a y  be u s e d  to t e s t  the 
v a l i d i t y  t h e o r e t i c a l  p r e d i c t i o n s  of ~ and 7 wi th  no o t h e r  m e a s u r e m e n t s  
i nvo lved .  
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2 . 4  BULK VISCOSITY 

An add i t iona l  t r a n s p o r t  p r o p e r t y ,  the t r a n s l a t i o n a l  (or i n t r i n s i c )  
bulk v i s c o s i t y  b e c o m e s  i m p o r t a n t  at  d e n s i t i e s  a p p r o a c h i n g  the c r i t i c a l  
d e n s i t y  p c" This bulk v i s c o s i t y  should  not  be con fused  with that  a r i s i n g  
f r o m  the p r e s e n c e  of i n t e r n a l  m o d e s  wh ich  is  a l so  p r e s e n t  in p o l y a t o m i c  
m o l e c u l e s .  The t r a n s l a t i o n a l  bulk v i s c o s i t y  m a y  be c o n s i d e r e d  p h y s i c a l l y  
due to the fac t  that  c o r r e l a t i o n s  b e t w e e n  the p o s i t i o n  of m o l e c u l e s  die 
%way it_ pe r i ods  l o n g e r  than the b i n a r y  c o l l i s i o n  t ime .  T h e r e  is t h e r e -  
fo re  a c o m p o n e n t  of p r e s s u r e  which  is p r o p o r t i o n a l  to the t i m e  ra t e  of 
v o l u m e  change  and which  lags  behind  the p r e s s u r e  a s s o c i a t e d  with b i n a r y  
c o l l i s i o n s .  

The t r a n s l a t i o n a l  bulk v i s c o s i t y  in l iqu ids  has been  the s u b j e c t  of 
c o n t r o v e r s y .  H o w e v e r ,  r e c e n t l y  the e x p e r i m e n t  (Refs.  15, 16, 17) and 
t h e o r y  (Ref. 18) have  been  shown to be e s s e n t i a l l y  in a g r e e m e n t .  In 
p a r t i c u l a r ,  r e c e n t  s tud ie s  of a r g o n  (Ref. 16) in the d e n s e  g a s e o u s  r e g i o n  
have  shown that  the p Z v a r i a t i o n  of bulk v i s c o s i t y  p r e d i c t e d  the R i c e -  
Alana t t  t h e o r y  is c o r r e c t  wi th  the e x p e r i m e n t a l  e r r o r  -10~0. F o l l o w i n g  
the s u g g e s t i o n  of M a d i g o s k y  the bulk v i s c o s i t y  m a y  be e s t i m a t e d  by the 
E n s k o g  e x p r e s s i o n  

~' = ~ wmKT XP (11) 

w h e r e  the E n s k o g  f a c t o r  X is t aken  f r o m  R o s e n b a u m  e t  al.  (Ref. 19). 

The bulk v i s c o s i t y  e n t e r s  the sound a b s o r p t i o n  t h rough  the con-  
s e r v a t i o n  of m o m e n t u m  Eq. (Z). The c l a s s i c a l  a b s o r p t i o n  is m o d i f i e d  
by r e p l a c i n g  4 / 3 ~  in Eq. (1) by 4 /3  ~ + ~ ' .  The i m p o r t a n t  c o m p a r i s o n  

• % .  

for  the p r e s e n t  d i s c u s s i o n  is b e t w e e n  the e x c e s s  v i s c o s i t y  

4 4 
"~" n e = "~" (n -n  o) (12,) 

and the bulk  v i s c o s i t y .  These  two q u a n t i t i e s  a r e  p lo t t ed  v e r s u s  p r e s s u r e  
o o 

at 300 K and Z34. 6 K in F i g u r e  Z for  a rgon .  F o r  t e m p e r a t u r e s  of 300°K 
and above  the Enskog  a p p r o x i m a t i o n  should  be s l i gh t l y  h i g h e r  (< 15~0) than  
the t rue  va lue  of the bulk v i s c o s i t y .  The bulk v i s c o s i t y  is ] e s s  than  37~0 
of the e x c e s s  s h e a r  v i s c o s i t y  up to p r e s s u r e s  of about  100 a tm.  The bulk  
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viscosity term is only  15~0 of the excess thermal conductivity term. 
T h e r e f o r e ,  o t h e r  m e a s u r e m e n t s  of v i s c o s i t y  and t h e o r e t i c a l  e s t i m a t e s  
of the bulk v i s c o s i t y  m a y  be u s e d  to obta in  the e x c e s s  t h e r m a l  conduc -  
t iv i ty  f r o m  sound a b s o r p t i o n  m e a s u r e m e n t s  up to about  Z00 atrn wi th  a 
m a x i m u m  u n c e r t a i n t y  of 2~0. A b e t t e r  a p p r o a c h  is to p r e d i c t  the e x c e s s  
v i s c o s i t y ,  t h e r m a l  conduc t iv i ty  and bulk v i s c o s i t y  t h e o r e t i c a l l y  and u se  
the u l t r a s o n i c  a b s o r p t i o n  da ta  to t e s t  the v a l i d i t y  of the t heo ry .  B e c a u s e  
of the bulk v i s c o s i t y ,  the u l t r a s o n i c  a b s o r p t i o n  is  m o r e  s e n s i t i v e  to 
d e n s i t y  e f fec t s  than o t h e r  t r a n s p o r t  p r o p e r t y  m e a s u r e m e n t s .  

2. 5 MIXTURES 

The sound loss in a mixture includes the usual absorption due 
to the thermal conductivity and viscosity of the mixture plus terms 
which  a r i s e  f r o m  dif fus ion.  Di f fus ive  s e p a r a t i o n  of s p e c i e s  due to 
the t e m p e r a t u r e  and p r e s s u r e  g r a d i e n t s  in  the sound wave l e a d s  to 
an add i t i ona l  t e r m  in the e n e r g y  eq-~a~ion. The t h e o r y  for  low d e n s i t y  
(-~1 a tm)  g a s e s  fo l lows  v i g o r o u s l y  f r o m  k ine t i c  t h e o r y  (Refs.  Z0, 2I) .  
High d e n s i t y  g a s e s  should  be t r e a t e d  by the t e c h n i q u e s  of i r r e v e r s i b l e  
t h e r m o d y n a m i c s  (Ref. 22). Neg lec t ing  the f i r s t  and second  d e r i v a t i v e s  
of c o m p r e s s i b i l i t y  wi th  r e s p e c t  to m o l e  f r a c t i o n  the d i f fus ion  l o s s e s  
a r e  g iven  by the low d e n s i t y  f o r m u l a  (p c 2 r e p l a c i n g  p) 

2Tr 2 f2 XlX2 7 
PaD = 3 (~' + 7-I aT)(~ + 7-I a )p D (13) 

c 7 7 T o 12 

w h e r e  x is the m o l e  f r ac t i on ,  IV[ the a t o m i c  weigh t ,  D12 the b i n a r y  dif-  
fus ion  c o e f f i c i e n t  and a T the  t h e r m a l  d i f fus ion  ra t io .  The s u b s c r i p t s  
1 and 2 r e f e r  to the two s p e c i e s  (M Z < M1). The q u a n t i t i e s  ~ and ~l a r e  
g iven  by 

M Z - M 1 
- M (14) 

1 7 - 1  71  MZ _ M1 
(3' - ~Vl 7 7 1 - 1  'y?.-1 

(14a) 

The T, T 1, and 7 2 a r e  the spec i f i c  h e a t  r a t i o s  of the m i x t u r e  and the 
p u r e  g a s e s  r e s p e c t i v e l y .  

8 
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The t e r m  involv ing  the t h e r m a l  d i f fus ion  f a c t o r  is r e l a t i v e l y  s m a l l  
c o m p a r e d  to ~ and ~t in c a s e s  w h e r e  the d i f fus ion  l o s s e s  a r e  s i g n i f i c a n t .  
Di f fus ion  l o s s e s  fo r  s e v e r a l  gas  m i x t u r e s  a r e  g i v e n  in Table  1. M i x t u r e s  
of h y d r o g e n  and h e l i u m  wi th  o t h e r  g a s e s  g e n e r a l l y  show about  50% of the 
a b s o r p t i o n  due to d i f fus ion .  Sound a b s o r p t i o n  in  t h e s e  g a s e s  m a y  be u s e d  
to d e t e r m i n e  d i f fus ion  c o e f f i c i e n t s .  In g a s e s  such  as a i r  and a r g o n - n i t r o g e n  
m i x t u r e s  the sound  a b s o r p t i o n  due to d i f fus ion  is  abou t  Z°/, of the to ta l  ab-  
s o r p t i o n .  The s u m  of t h e r m a l  c o n d u c t i v i t y  and v i s c o s i t y  m a y  t h e r e f o r e  be 
d e t e r m i n e d  as ou t l i ned  above  for  p u r e  g a s e s .  The Z~0 l o s s e s  m a y  be c o r -  
r e c t e d  u s ing  t h e o r e t i c a l  d i f fus ion  c o e f f i c i e n t s  to g ive  the s u m  of v i s c o s i t y  
and t h e r m a l  c o n d u c t i v i t y  wi th  b e t t e r  than  0. 1~0 a c c u r a c y .  

The d e n s i t y  b e h a v i o r  of the t r a n s p o r t  p r o p e r t i e s  of m i x t u r e s  a r e  
not  known v e r y  wel l .  The t h e r m a l  d i f fus ion  t e r m  m a y  be c a l c u l a t e d  f r o m  
the b e s t  t h e o r e t i c a l  e s t i m a t e  s i n c e  i t s  c o n t r i b u t i o n  is s m a l l .  The m a j o r  
f a c t o r  is  the d e n s i t y  d e p e n d e n c e  of the b i n a r y  d i f fus ion  c o e f f i c i e n t .  B i n a r y  
d i f fus ion  c o e f f i c i e n t  m e a s u r e m e n t s  a t  h igh  d e n s i t i e s  s u g g e s t  tha t  p D1Z is 
m o r e  s e n s i t i v e  to d e n s i t y  than s e l f - d i f f u s i o n  c o e f f i c i e n t s  and d e c r e a s e s  as  
d e n s i t y  i n c r e a s e s  as  i n d i c a t e d  by t h e o r y  (Refs .  Z5, Z6, Z7, 28) and  e x p e r i -  
m e n t  (Ref. 24). 

Table  1. C o n t r i b u t i o n  of v a r i o u s  l o s s  m e c h a n i s m s  to sound a b s o r p t i o n  
in gas  m i x t u r e s  a t  1 a t m  wi th  1 hd/-Iz sound w a v e s  ( e s t i m a t e s )  

Mixture 

He-At 

He-N z 

Ar-N z 

H2-Ar 

N2-O 2 

N2-CO z 

(ap/fZ~ (ap/fZ) (ap/fZ), (ap/fZ ~) 

Temp. 
o K -6 0-6 -6 x I0 x I x 10 x 10 -6 

300 O. 117 O. 084 O. 175 
1000 O. 134 O. 109 O. ZZ8 

350 O. 0558 O. 070 O. 029 O. 067 

300 O. 056 O. 106 O. 042 O. 009 
I000 0. 161 0. 144 0. 138 0.01Z 

300 0. 0873 0. 087 0. 333 
I000 0. 347 0. 149 0.41Z 

350 0. 093 0. 105 0. 093 0. 001 
I000 0. 151 0. IIZ 0. Z40 0. 000 

300 0. 367 0. 105 0. 183 0. 00Z 
I000 0. 688 0. 166 0. 760 0. 000 

P' 7 

- I. 636 - I. 636 O. 153 
-1. 636 

-1.500 -I. 167 O. 143 

-0. 351 -0. 685 O. or4 
-0.351 -0.797 0.049 

-1.808 -Z. 141 0.096 
-1.808 -Z. 178 O. IZl 

-0. 133 -0. 133 O. 087 
-0. 133 -0. 068 O. OZ7 

-0.444 -0. Zl7 0.017 
-0.444 -0.05Z 0.030 
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T h e  a b s o r p t i o n  due  to the  d i f f u s i o n  c o e f f i c i e n t ,  t h e r e f o r e ,  d e -  
c r e a s e s  w i t h  i n c r e a s i n g  p r e s s u r e .  A n  e x a m i n a t i o n  of  Eq .  (13) a n d  t h e  
s o u n d  s p e e d  v e r s u s  p r e s s u r e  c u r v e s  s h o w s  t h a t  p a D  d e c r e a s e s  a b o u t  
30% in  100 a r m  d u e  to t he  c 3 i n  t h e  d e n o m i n a t o r .  T h e r e  m a y  be a n  
a d d i t i o n a l  d e c r e a s e  o f  a b o u t  10°70 d u e  to t h e  d e c r e a s e  in  t he  d i f f u s i o n  
c o e f f i c i e n t  i n  t h e  s a m e  p r e s s u r e  r a n g e .  

2.6 INTERNAL MODES-ROTATIONAL RELAXATION 

T h e  a b s o r p t i o n  d u e  to t h e r m a l  r e l a x a t i o n  a t  h i g h  d e n s i t i e s  m a y  
be  d e r i v e d  by  b r e a k i n g  t he  i n t e r n a l  e n e r g y  U i n t o  a t r a n s l a t i o n a l  p a r t  
a n d  a c o m p o n e n t  d u e  to i n t e r n a l  m o d e s .  C o u p l i n g  a r e l a x a t i o n  e q u a t i o n  
( R e f s .  10, 15) to  t h e  c o n s e r v a t i o n  e q u a t i o n s  t h e n  l e a d s  to t h e  c o r r e c t  
e x p r e s s i o n  f o r  s o u n d  a b s o r p t i o n  d u e  to i n t e r n a l  m o d e s .  H o w e v e r ,  i t  
i s  m o r e  r i g o r o u s  a t  h i g h  d e n s i t i e s  to  u s e  a r g u m e n t s  b a s e d  on  i r r e v e r s i b l e  
t h e r m o d y n a m i c s .  T h e  r e s u l t i n g  e x p r e s s i o n s  a r e  i d e n t i c a l  to  t h e  u s u a l  
l ow  d e n s i t y  e x p r e s s i o n s .  

T h e  o n l y  q u e s t i o n  r e m a i n i n g  i s  t h e  e f f e c t  o f  d e n s i t y  on  t h e  r e -  
l a x a t i o n  t i m e .  T h e  m a i n  e v e n t  l e a d i n g  to a c h a n g e  of  t h e  i n t e r n a l  s t a t e  
of  a m o l e c u l e  i s  a h a r d  b i n a r y  c o l l i s i o n .  T h e  n u m b e r  of  s u c h  c o l l i s i o n s  
p e r  s e c o n d  s h o u l d  be d i r e c t l y  p r o p o r t i o n a l  to  t he  d e n s i t y .  T h e  p r o d u c t  
o f  r e l a x a t i o n  t i m e  a n d  t h e  d e n s i t y ,  p T ,  w i l l  be  a c o n s t a n t  a t  a l l  d e n s i t i e s  
i f  t h e  p r o b a b i l i t y  ( t r a n s i t i o n  p r o b a b i l i t y )  t h a t  a c o l l i s i o n  w i l l  r e s u l t  i n  a 
c h a n g e  of  i n t e r n a l  s t a t e  i s  c o n s t a n t .  T h i s  a s s u m p t i o n  i s  p l a u s i b l e  f r o m  
a p h y s i c a l  p o i n t  o f  v i e w .  T h i s  a s s u m p t i o n  i s  r e a s o n a b l e  b e c a u s e  t h e  
c o l l i d i n g  m o l e c u l e s  a r e  p e r t u r b e d  by  a h a r d  c o l l i s i o n  m u c h  m o r e  t h a n  
by  t h e  l o n g  r a n g e  i n t e r a c t i o n  w i t h  t h e i r  n e i g h b o r s  u p  to  h i g h  d e n s i t i e s .  
M e a s u r e m e n t s  o f  v i b r a t i o n a l  r e l a x a t i o n  t i m e s  ( R e f s .  14, Z9) s h o w  t h a t  
p T i s  c o n s t a n t  a t  d e n s i t i e s  u p  to a b o u t  t w i c e  t h e  c r i t i c a l  d e n s i t y .  T h e  
s a m e  r e s u l t  h o l d s  u p  to a t  l e a s t  100 p s i  f o r  r o t a t i o n a l  r e l a x a t i o n  i n  N Z 
a s  i n d i c a t e d  by  t h e  a g r e e m e n t  b e t w e e n  t h e o r y  a n d  e x p e r i m e n t  i n  F i g u r e  
9. The  a b s o r p t i o n  d u e  to r o t a t i o n a l  r e l a x a t i o n  a t  h i g h  d e n s i t i e s  r e d u c e s  
to  

. 

ci P r o t  - 8 c C ~ -  Z r o t  (15) (z 

P 

w h e r e  ~ o  i s  t he  l o w  d e n s i t y  v i s c o s i t y  a n d  R i s  t h e  g a s  c o n s t a n t  p e r  g r a m .  
T he  l ow  d e n s i t y  v i s c o s i t y  e n t e r s  b e c a u s e  t h e  b i n a r y  c o l l i s i o n  r e l a x a t i o n  
(Tc)  t i m e  w a s  c a l c u l a t e d  a s s u m i n g  p T c w a s  a c o n s t a n t ,  t h a t  i s  

10 
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p p T/ 
"T = . o "I" - Tr o o ( 1 6 )  

c p co 4 p Po 

The subscript o refers to the low density limit. The density sound ab- 
sorption product indicated by Eq. (15) is essentially constant between 

I- I00 atrn. 

Z. 7 'SUMMARY 

The above discussion shows how, in principle, the transport 
properties of gases may be determined at high pressures using ultra- 
sonics. The sum of thermal conductivity and viscosity may be deter- 
mined from Eq. (I0). The absorption due to relaxation of internal 
modes may be subtracted from the total absorption to obtain the sum 
of thermal conductivity and viscosity in diatomic and triatomic gases. 
The frequency may be chosen sufficiently high so that all internal 
modes except rotation contribute less than 0. 1%. Equation (15) then 
is typically 30% correction term. Finally, ultrasonic absorption in 
mixtures may be used to measure diffusion coefficients or the sum of 
viscosity and thermal conductivity depending on the difference in 
molecular weights of the species involved. Diffusion losses in mix- 
tures of helium and hydrogen with heavier gases are ~50% of the total. 
Therefore, absorption and diffusion coefficients of such mixtures may 
be obtained. On the other hand, diffusion losses in mixtures of other 
gases are small (typically less than ~1%) and the sum of viscosity and 
thermal conductivity may be determined as described above. 

11 
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SE C TION III 

A P P L I C A T I O N  OF THE ULTRASONIC TECHNIQUE TO 
HIGH P R E S S U R E  GASES 

3. 1 PULSE ECHO THROUGH TRANSMISSION TECHNIQUE 

High p r e s s u r e  c e l l s  su i t ab l e  for  m e a s u r i n g  u l t r a s o n i c  a b s o r p t i o n  
and d i s p e r s i o n  have  u s e d  both m o v a b l e  p r o b e s  (Ref. 30) and f ixed  p r o b e s  
(Ref.  31). Movab le  p r o b e  a p p a r a t u s  y i e l d s  c u r v e s  of a rnp l i t ude  v e r s u s  
p o s i t i o n  and t r a n s i t  t i m e  v e r s u s  d i s t a n c e  d i r e c t l y .  The f ixed  p r o b e  t e c h -  
n ique  m u s t  u s e  e c h o e s  to ob ta in  m o r e  than  one path  l eng th .  In add i t i on ,  
c o r r e c t i o n s  for  the d i f f r a c t i o n  l o s s e s  and t r a n s m i s s i v i t y  of the u l t r a s o n i c  
m i r r o r s  m u s t  be m a d e .  The a d v a n t a g e s  of the f ixed  p r o b e  t e c h n i q u e  a r e  
due to i ts  m e c h a n i c a l  s i m p l i c i t y .  T h e r e  a r e  no e r r o r s  a s s o c i a t e d  wi th  
v a r i a t i o n  of a l i g n m e n t  wi th  pos i t i on .  T h e r e  a r e  no r o t a t i n g  sha f t s  to s e a l  
a g a i n s t  h igh  p r e s s u r e .  F i n a l l y ,  the m e c h a n i c a l  s i m p l i c i t y  of the f ixed  

O 
path  t e c h n i q u e  is v e r y  i m p o r t a n t  a t  h igh  t e m p e r a t u r e s  (~00 C) and p r e s -  
s u r e s  (8000 ps i ) .  

The f ixed  pa th  p r o b e s  u s e d  in the p r e s e n t  e x p e r i m e n t  a r e  shown 
in F i g u r e  3. The d e t a i l s  of the p r e s s u r e  c e l l  a r e  not shown.  The p r o b e s  
a r e ,  h o w e v e r ,  a t t a c h e d  to the c o v e r  and the f l o o r  of a s t e e l  p r e s s u r e  
bomb  wi th  s u i t a b l e  h igh  p r e s s u r e  i n l e t s  fo r  ga s ,  e l e c t r i c i t y ,  i n t e r n a l  
w a t e r  coo l ing ,  t h e r r n o c o u p l e s ,  and c o a x i a l  l i n e s  fo r  the r f  p u l s e s  w h i c h  
d r i v e  the u l t r a s o n i c  p r o b e s .  The p r e s s u r e  c e l l  u s e d  wi th  the p r o b e s  is 
i n t e r n a l l y  c o o l e d  so tha t  t e m p e r a t u r e s  up to NZ000°K at  p r e s s u r e  up to 
200 a r m  cou ld  be u s e d .  This  c e l l  ( r e f e r r e d  to as  I} was  u s e d  to ob ta in  
the sound a b s o r p t i o n  m e a s u r e m e n t s  r e p o r t e d  be low.  A s e c o n d  c e l l  
( r e f e r r e d  to as  II) e x t e r n a l l y  h e a t e d  (bui l t  by A m i n c o )  w h i c h  wi l l  go to 
1000 a r m  at  300°K and 400 a t m  at  800°K was  u s e d  to ob ta in  the sound 
s p e e d  r e p o r t e d  b e t w e e n  100 a t m  and 400 a tm.  The p r o b e s  in ce l l  II 
w e r e  s i m i l a r  to t h o s e  shown in F i g u r e  3 e x c e p t  t ha t  both p r o b e s  w e r e  
m o u n t e d  on the c o v e r  of the p r e s s u r e  ce l l .  

The m a j o r  p r o b l e m s  a s s o c i a t e d  wi th  a c o u s t i c  m e a s u r e m e n t s  
in g a s e s  at  h igh  t e m p e r a t u r e  and p r e s s u r e  a r e  a l i g n m e n t ,  a c o u s t i c  
i s o l a t i o n ,  r f  t r a n s m i s s i o n ,  r i ng ing  and d i f f r a c t i o n  c o r r e c t i o n s .  The 
p r o b e s  a r e  he ld  in a l i g n m e n t  by the s t a i n l e s s  s t e e l  tubing w h i c h  a l s o  
s e r v e s  as  the g r o u n d  for  the rf  t r a n s m i s s i o n  l i n e s .  C e r a m i c  i n s u l a t o r s  
a l low the c o a x i a l  l ine  to be u s e d  at  h igh  t e m p e r a t u r e s .  The p r o b e s  a r e  
r o u g h l y  a l i g n e d  by m a i n t a i n i n g  the m e c h a n i c a l  p a r t s  as  t r u e  as  p o s s i b l e .  
H o w e v e r ,  f ina l  a l i g n m e n t  m u s t  be a d j u s t e d  wh i l e  e x a m i n i n g  the f i r s t  
p u l s e  and the echo  by an o s c i l l o s c o p e .  The p r e v i o u s  s y s t e m s  m e n t i o n e d  
above used a solid tube for alignment. 

12 
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The sound e n e r g y  is  m o r e  e a s i l y  t r a n s m i t t e d  t h r o u g h  the t r a n s -  
d u c e r  m o u n t  into the w a l l s  of the p r e s s u r e  c e l l  than  t h r o u g h  the d e s i r e d  
gas  path.  This  is b e c a u s e  of the l a r g e  m i s m a t c h  b e t w e e n  the g a s e s  and 
the so l id s  in  the low p r e s s u r e  r a n g e  (p < 100 a tm) .  I m p r o p e r  a c o u s t i c  
i s o l a t i o n  l e a d s  to sound t r a n s m i s s i o n  t h r o u g h  the wa l l s  w h i c h  o v e r s h a d o w s  
the d e s i r e d  s i gna l  t h r o u g h  the gas .  The only  t e c h n i q u e  w h i c h  p r o v i d e s  
su f f i c i en t  i s o l a t i o n  b e t w e e n  the c e l l  wa l l s  and the t r a n s d u c e r  u n d e r  the 
cond i t i ons  of the p r e s e n t  e x p e r i m e n t  is m i n i m u m  m e c h a n i c a l  c o n t a c t  be-  
t w e e n  the r e c e i v e r  and the t r a n s m i t t e r .  Mount ing  the p r o b e  h o l d e r  on 
the coaxial line as shown in Figure 3 provides minimum mechanical 

contact. 

The r e m a i n i n g  f e a t u r e s  of p r o b e  d e s i g n  a r e  bes t  u n d e r s t o o d  in 
t e r m s  of the t h r o u g h  t r a n s m i s s i o n  m u l t i p l e  echo  t e c h n i q u e  e m p l o y e d  in 
the p r e s e n t  e x p e r i m e n t s .  The p h o t o g r a p h s  in F i g u r e  4 show a s e r i e s  
of u l t r a s o n i c  p u l s e s .  The f i r s t  p u l s e  in  e a c h  p h o t o g r a p h  is the t r a n s -  
m i t t e d  p u l s e  as  i t  e n c o u n t e r s  the r e c e i v e  t r a n s d u c e r .  The fo l lowing  
p u l s e s  a r i s e  by m u l t i p l e  r e f l e c t i o n s  in the gas  c a v i t y  b e t w e e n  the t r a n s -  
m i t t e r  p r o b e  and the r e c e i v e  p r o b e .  Thus ,  the d i s t a n c e  b e t w e e n  the 
f i r s t  p u l s e  and the f i r s t  echo  is tw ice  the p r o b e  s e p a r a t i o n s .  T h e r e  is 
a " t a i l "  on e a c h  p u l s e  wh ich  i n t e r f e r e s  wi th  the fo l lowing  pu l se  a t  c l o s e  
s e p a r a t i o n s .  The ta i l ,  r e f e r r e d  to as  r i n g i n g ,  is due to a c o u s t i c  e n e r g y  
t r a p p e d  in the t r a n s d u c e r s .  The r i ng ing  m a y  be d a m p e d  for  a c r y s t a l  
r a d i a t i n g  into a i r  by back ing  the t r a n s d u c e r  wi th  a l o s s y  m a t e r i a l .  The 
d a m p i n g  m a t e r i a l  u s e d  in the  p r e s e n t  e x p e r i m e n t  was  a s h o r t  c i r c u i t e d  
P Z  T- 5 c e r a m i c  t r a n s d u c e r .  

The a t t e n u a t i o n  of the u l t r a s o n i c  wave  is g i v e n  by the n a t u r a l  
l o g a r i t h m  of a m p l i t u d e  r a t i o  of the f i r s t  p u l s e  and the f i r s t  echo ,  
d iv ided  by the pa th  l eng th .  The m e a s u r e d  a t t e n u a t i o n  is due to ab-  
s o r p t i o n  d u r i n g  r e f l e c t i o n ,  d i f f r a c t i o n  l o s s e s  and a b s o r p t i o n  due to 
t r a n s p o r t  and r e l a x a t i o n  p h e n o m e n a .  The a t t e n u a t i o n  c o e f f i c i e n t  due  
to t r a n s m i s s i o n  at  r e f l e c t i n g  s u r f a c e s  m a y  be n e g l e c t e d  a t  p r e s s u r e s  
up to 100 a t m  b e c a u s e  the gas  a c o u s t i c  i m p e d a n c e  is s m a l l  c o m p a r e d  
to the so l id .  The e f f e c t i v e  a t t e n u a t i o n  c o e f f i c i e n t  due to r e f l e c t i o n  
l o s s e s  is :  

1 in (17) 
a r e f  - " Z'-d ~ P s  C s /  

w h e r e  P~heCS a r e  the p r o d u c t s  of the sound speed  and  the d e n s i t y  of the 
gas  and so l id ,  r e s p e c t i v e l y .  The a b s o r p t i o n  c o e f f i c i e n t  due to r e -  
f I ec t i on  l o s s e s  in  the p r e s e n t  e x p e r i m e n t  w h i c h  r a n g e s  b e t w e e n  5 x 10 . 5  
to 5 x 10 -3 n e p e r s / c m  is  n e g l i g i b l e .  

13 
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The d i f f r a c t i o n  l o s s e s  d e p e n d  only  on the w a v e l e n g t h  of the u l t r a -  
son ic  wave ,  the d i a m e t e r  of the r a d i a t o r  and the pa th  l eng th .  The s i m -  
p l e s t  l o s s  of th is  type is due to b e a m  s p r e a d i n g .  Tha t  i s ,  the e n e r g y  
d i v e r g e s  so tha t  a c e r t a i n  f r a c t i o n  of the t r a n s m i t t e d  b e a m  does  not  
i n t e r c e p t  the r e c e i v e r .  B e a m  s p r e a d i n g  l o s s e s  a m o u n t  to abou t  0 .01  
n e p e r s / c m  u n d e r  the w o r s t  c o n d i t i o n s  of the p r e s e n t  e x p e r i m e n t .  

The term "diffraction losses" (Ref. 3Z) is more commonly used 
to describe apparent lobses due to deviations from constant pressure 
across the beam which are inherent in the piston radiator field. In the 
MHz frequency range for typical radiator dimensions (a ~I cm) diffrac- 
tion losses are small compared to the absorption due to transport 
phenomena. However, due to the mounting of the transducer in a 
slight depression, diffraction losses are much larger than usual. 
T y p i c a l l y ,  a d i f f  i s  about  0. Z n e p / c m  in the p r e s e n t  e x p e r i m e n t s .  A 
f l u s h  m o u n t e d  t r a n s d u c e r  has  l o w e r  d i f f r a c t i o n  l o s s e s  but  is  m o r e  dif -  
f i c u l t  to e l e c t r i c a l l y  g r o u n d .  

3. Z DATA REDUCTION 

The s e p a r a t i o n  of the  a t t e n u a t i o n  due to d i f f r a c t i o n  f r o m  the  
a b s o r p t i o n  due to t r a n s p o r t  and r e l a x a t i o n  e f f ec t s  m a y  be a c c o m p l i s h e d  
m a n y  w a y s .  The d i f f e r e n c e  b e t w e e n  the m e a s u r e d  low p r e s s u r e  (~1 
a tm)  a t t e n u a t i o n  in  the p r e s s u r e  ce l l  and the t h e o r e t i c a l  a b s o r p t i o n  
cou ld  be u s e d  to ob ta in  the d i f f r a c t i o n  l o s s e s .  The m e t h o d  adop t ed  in 
the p r e s e n t  e x p e r i m e n t  t a k e s  a d v a n t a g e  of the p r e s s u r e  d e p e n d e n c e  of 
the v a r i o u s  l o s s  m e c h a n i s m s .  As m e n t i o n e d  in the t h e o r y  s e c t i o n ,  the  
c l a s s i c a l  a b s o r p t i o n  v a r i e s  as  1/p. The a b s o r p t i o n  due to d i f f r a c t i o n  
l o s s e s  and r e f l e c t i o n  l o s s e s  is  e s s e n t i a l l y  i n d e p e n d e n t  of d e n s i t y .  T h e r e -  
f o r e ,  a plot  of a t t e n u a t i o n  v e r s u s  1/p should  be a s t r a i g h t  l ine  

A 
a = m + B ( 1 8 )  

P 

The c o n s t a n t  B is the d i f f r a c t i o n  l o s s .  A c h e c k  on the v a l i d i t y  of th i s  
p r o c e d u r e  is  p r o v i d e d  by  the f a c t  tha t  A shou ld  be e q u a l  to the d e n s i t y  
t i m e s  the c l a s s i c a l  a b s o r p t i o n  a t  a t m o s p h e r i c  p r e s s u r e .  The l i n e a r  
r e l a t i o n  c l e a r l y  ho lds  as  m a y  be s e e n  f r o m  F i g u r e  5. In add i t i on ,  the 
c o e f f i c i e n t  of the 1/p t e r m  is e q u a l  to the c l a s s i c a l  a b s o r p t i o n  c a l c u l a t e d  
f r o m  m e a s u r e d  v a l u e s  of v i s c o s i t y  and t h e r m a l  c o n d u c t i v i t y .  

I t  shou ld  be no t ed  tha t  this  t e c h n i q u e  a p p l i e s  o v e r  a l i m i t e d  p r e s -  
s u r e  r a n g e .  The a s s u m p t i o n s  a r e  tha t  r e f l e c t i o n  l o s s e s  (a r)  and the 
sound  s p e e d  (or  w a v e l e n g t h )  do not  c h a n g e  m u c h  o v e r  the p r e s s u r e  r a n g e  
of the da ta .  

14 
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S. 3 SUM OF T H E R M A L  CONDUCTIVITY AND VISCOSITY 
M E A S U R E M E N T S  IN THE A R G O N - N I T R O G E N  SYSTEMS 

M e a s u r e m e n t s  of sound  a b s o r p t i o n  and v e l o c i t y  in a r g o n ,  n i t r o g e n  
and a r g o n - n i t r o g e n  m i x t u r e s  at  p r e s s u r e s  up to 100 a t m  i l l u s t r a t e  the type  
of i n f o r m a t i o n  w h i c h  has  b e e n  ob ta ined .  The p a c v e r s u s  p r e s s u r e  is  
shown in F i g u r e  6 fo r  a r g o n .  The s p e c i f i c  h e a t  r a t i o  and sound speecl 
f r o m  the p r e s e n t  m e a s u r e m e n t s  w e r e  u s e d  wi th  i n d e p e n d e n t  t h e r m a l  
c o n d u c t i v i t y  and v i s c o s i t y  and Cp m e a s u r e m e n t s  to c a l c u l a t e  p a c" The 
a g r e e m e n t  b e t w e e n  the v a r i o u s  e x p e r i m e n t s  is  e x c e l l e n t  o v e r  the who le  
p r e s s u r e  r a n g e .  The p r e s s u r e  e f f e c t  on v i s c o s i t y  and t h e r m a l  c o n d u c -  
t i v i t y  o v e r  the  p r e s s u r e  r a n g e  of 100 a t m  a m o u n t s  to abou t  ZS~0. The 
bu lk  v i s c o s i t y  c o n t r i b u t e s  abou t  10~0 of the e x c e s s  or  Z~0 of the t o t a l  ab-  
s o r p t i o n  in the g a s e s  m e a s u r e d .  

The n o r m a l i z e d  a b s o r p t i o n  (p a ) m e a s u r e d  in  n i t r o g e n  is s h o w n  
in  F i g u r e  7. N i t r o g e n  has  the a d d i t i o n a l  f e a t u r e  of r o t a t i o n a l  r e l a x a t i o n .  
The  c l a s s i c a l  a b s o r p t i o n  is  shown by  the so l id  l ine  in F i g u r e  7. The 
a b s o r p t i o n  due to r o t a t i o n a l  r e l a x a t i o n  was  c a l c u l a t e d  u s i n g  a r o t a t i o n a l  
c o l l i s i o n  n u m b e r  Z r o  t = 4. ZS, d e t e r m i n e d  f r o m  u l t r a s o n i c  m e a s u r e m e n t s  
a t  a t m o s p h e r i c  p r e s s u r e .  The to ta l  a b s o r p t i o n  p a s s e s  t h r o u g h  the  c e n t e r  
of the da t a  o v e r  the e n t i r e  p r e s s u r e  r a n g e .  

The  sound a b s o r p t i o n  v e r s u s  p r e s s u r e  in  the a r g o n - n i t r o g e n  
m i x t u r e s  w a s  d i f f i cu l t  to h a n d l e  b e c a u s e  of the u n c e r t a i n t i e s  a s s o c i a t e d  
wi th  the p r o p e r t i e s  of m i x t u r e s  at  h igh  p r e s s u r e s .  The t r a n s p o r t  p r o p -  
e r t i e s  of m i x t u r e s  m a y  have  a d i f f e r e n t  p r e s s u r e  b e h a v i o r  t han  p u r e  
g a s e s  b e c a u s e  of the p r e s s u r e  d e p e n d e n c e  of the d i f fus ion  c o e f f i c i e n t s .  
H o w e v e r ,  the t e c h n i q u e  of f i t t ing  the n o r m a l i z e d  a b s o r p t i o n  to a l i n e a r  
f u n c t i o n  of p r e s s u r e  was  app l i ed .  The  p r o c e d u r e  is j u s t i f i e d  by the f a c t  
t ha t  the  c o e f f i c i e n t  of 1/p does  c o m e  out  to be equa l  to the known  a b s o r p -  
t ion  a t  a t m o s p h e r i c  p r e s s u r e .  The r o t a t i o n a l  c o l l i s i o n  n u m b e r  w a s  d e -  
t e r m i n e d  fo r  the  m i x t u r e  f r o m  a t m o s p h e r i c  p r e s s u r e  m e a s u r e m e n t s  and 
Eq.  (15). The s u m  of v i s c o s i t y  and t h e r m a l  c o n d u c t i v i t y  in t e r m s  of 
P " c  was  a d d e d  to the  r o t a t i o n a l  c o n t r i b u t i o n  to c o m p a r e  wi th  the  m e a -  
s u r e d  p =.  The r e s u l t s  a r e  d i s p l a y e d  in F i g u r e s  8 and 9 a long wi th  the 
t h e o r e t i c a l  to ta l  a b s o r p t i o n .  It  shou ld  be po in t ed  out  tha t  the  s u m  of 
v i s c o s i t y  and  t h e r m a l  c o n d u c t i v i t y  wou ld  be  ob t a ined  by  s u b t r a c t i n g  the 
r o t a t i o n a l  l o s s e s  f r o m  the  t o t a l  a b s o r p t i o n .  A c c u r a t e  s p e c i f i c  h e a t  da ta ,  
7 and C_, n e c e s s a r y  to r e d u c e  p a c to t r a n s p o r t  p r . o p e r t i e s  a r e  not  a v a i l -  
ab le .  ~ i s  s h o r t c o m i n g  w i l l  be r e m o v e d  by  m e a s u r e m e n t s  of sound  s p e e d  
v e r s u s  p r e s s u r e  a t  s e v e r a l  t e m p e r a t u r e s  above  300°K. 
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3 . 4  SUM OF T H E R M A L  CONDUCTIVITY AND VISCOSITY 
M E A S U R E M E N T S  IN THE H E L I U M - A R G O N  SYSTEMS 

A b s o r p t i o n  v e r s u s  p r e s s u r e  in a 0. 5 h e l i u m - 0 .  5 a r g o n  m i x t u r e  
i s  shown in F i g u r e  10. T h e s e  m e a s u r e m e n t s  w e r e  s u g g e s t e d  by 
J.  S e n g e r s  f o r  c o m p a r i s o n  wi th  s o m e  h igh  d e n s i t y  r e s u l t s  on d i f fu s ion  
c o e f f i c i e n t s  in a L o r e n t z  g a s  (Refs .  26, Z7, Z8). The a b s o r p t i o n  due 
to d i f fus ion  is  abou t  o n e - h a l £  of the to t a l  a b s o r p t i o n .  The c l a s s i c a l  
a b s o r p t i o n  shown in F i g u r e  10 was  c o n s t r u c t e d  by e x t r a p o l a t i n g  p a c 
f r o m  low p r e s s u r e  v a l u e s .  The  c o n t r i b u t i o n  of d i f fu s ion  was  c a l c u l a t e d  
by e x t r a p o l a t i n g  one a t m o s p h e r e  d i f fus ion  c o e f f i c i e n t s  t h e o r e t i c a l l y  
(Ref. Z8) to h igh  p r e s s u r e s .  T h e r e  a r e  s o m e  i n d i c a t i o n s  (Ref.  33) 
tha t  the t h e r m a l  d i f fus ion  f a c t o r  could  i n c r e a s e  by a f a c t o r  of 3 a t  h igh  
p r e s s u r e s .  This  e f f e c t  was  i n c l u d e d  in the c a l c u l a t i o n  of d i f fu s ion  
l o s s e s .  The to ta l  a b s o r p t i o n  c o e f f i c i e n t  thus  c a l c u l a t e d  a g r e e s  r e -  
m a r k a b l y  we l l  wi th  the m e a s u r e d  v a l u e s .  

The a g r e e m e n t  b e t w e e n  t h e o r y  and e x p e r i m e n t  in F i g u r e  10 
shows  tha t  the  t h e o r y  is f u n d a m e n t a l l y  sound.  H o w e v e r ,  the u s e f u l n e s s  
of the u l t r a s o n i c  t e c h n i q u e  fo r  the d e t e r m i n a t i o n  of d i f fus ion  c o e f f i c i e n t s  
a t  h igh  p r e s s u r e s  i s  l i m i t e d  by s e v e r a l  f a c t o r s .  F i r s t ,  the above  c a l -  
c u l a t i o n s  show tha t  the s i z e  of the d i f fu s ion  l o s s e s  d e c r e a s e s  r a p i d l y  as  
p r e s s u r e  i n c r e a s e s  clue to the c 3 in the d e n o m i n a t o r  of Eq.  (13). Second ,  
the t h e r m a l  d i f fus ion  c o e f f i c i e n t  b e c o m e s  m o r e  i m p o r t a n t  at  h igh  p r e s -  
s u r e s .  F o r  H e - C O ?  m i x t u r e s  the ~ - 1  , f a c t o r  i n c r e a s e s  to abou t  

T 
50~0 of the d i f fu s ion  t e r m  in Eq.  (13) a t  100 a t m .  

3.5 SPECIFIC HEAT RATIO DETERMINATIONS FROM 
SOUND SPEED MEASUREA£ENTS 

Sound s p e e d  m e a s u r e m e n t s  w e r e  o b t a i n e d  s i m u l t a n e o u s l  7 wi th  the 
a b s o r p t i o n  m e a s u r e m e n t s .  The t e m p e r a t u r e  was  m e a s u r e d  wi th  two 
t h e r m o c o u p l e s  ( see  F i g u r e  8). The sound s p e e d  in th is  c a s e  m a y  be 
u s e d  to d e t e r m i n e  the t h e r m o d y n a m i c  p r o p e r t i e s  of the gas .  Spec i f i c  
h e a t  r a t i o s  w e r e  o b t a i n e d  f r o m  c o m p r e s s i b i l i t y  m e a s u r e m e n t s  (Ref. 34) 
and the sound s p e e d s  fo r  a r g o n  and n i t r o g e n .  Spec i f i c  h e a t  r a t i o s  for  
the a r g o n - n i t r o g e n  m i x t u r e s  w e r e  d e r i v e d  b a s e d  on the a s s u m p t i o n  tha t  
the e x c e s s  v i r a l  c o e f f i c i e n t s  w e r e  s m a l l  (Ref.  35). Spec i f i c  h e a t  r a t i o s  
w e r e  not  d e t e r m i n e d  for  the h e l i u m - a r g o n  m i x t u r e s  b e c a u s e  the e x c e s s  
v i r a l  c o e f f i c i e n t s  m a y  be l a r g e  (Ref. 35). 

The m a j o r  p a r t  of the p r e s s u r e  d e p e n d e n c e  of the sound s p e e d  
c o m e s  f r o m  the s p e c i f i c  h e a t  r a t io .  The f a c t o r  
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Z 

i 
T 

(19) 

in  Eq.  (9) d i f f e r s  f r o m  1.00 at  m o s t  by Z% in the 1-100 a r m  r a n g e  fo r  
the a r g o n - n i t r o g e n  s y s t e m .  Thus v e r y  a c c u r a t e  s p e c i f i c  h e a t  r a t i o s  
m a y  be ob t a ined  f r o m  r o u g h  c o m p r e s s i b i l i t y  m e a s u r e m e n t s  and a c -  
c u r a t e  sound s p e e d  m e a s u r e m e n t s .  

A s c h e m a t i c  d i a g r a m  of the e l e c t r o n i c s  u s e d  fo r  the sound s p e e d  
m e a s u r e m e n t s  is  shown in F i g u r e  11. The f i r s t  pu l se  and the f i r s t  echo  
a r e  s u p e r i m p o s e d  on a dua l  b e a m  o s c i l l o s c o p e  u s i n g  d e l a y e d  t r i g g e r s .  
The d e l a y e d  scope  t r i g g e r  is ob t a ined  by put t ing the t r a n s m i t t e r  t r i g g e r  
t h r o u g h  a t w o - c h a n n e l  d ig i t a l  d e l a y  g e n e r a t o r .  The o s c i l l o s c o p e  t r a c e s  
a r e  d e l a y e d  to c a n c e l  the t r a n s i t  t i m e  of the  r e s p e c t i v e  p u l s e s  to w i th in  
0. 1 ~ sec .  S ince  the t r a n s i t  t i m e s  a r e  t y p i c a l l y  150 ~z sec  this  p r o c e d u r e  
g i v e s  a p r e c i s i o n  of b e t t e r  than  0. 1%. D e l a y s  i n h e r e n t  in the t r i g g e r s  
and e r r o r s  in the u l t r a s o n i c  path l eng th  w e r e  c o r r e c t e d  wi th  c a l i b r a t i o n  
in a r g o n  and h e l i u m  at  1 a tm.  A t y p i c a l  o s c i l l o s c o p e  t r a c e  is  shown in 
F i g u r e  1Z. 

The sound s p e e d  v e r s u s  p r e s s u r e  c u r v e s  fo r  the a r g o n - n i t r o g e n  
s y s t e m  is  shown in  F i g u r e  13. W h e r e  da ta  w e r e  a v a i l a b l e  the p r e s e n t  
da t a  a r e  in a g r e e m e n t  wi th  o the r  w o r k  to wi th in  0. 5%. The t e m p e r a -  
t u r e ,  p r e s s u r e  and sound  s p e e d  a r e  t abu l a t ed  in Tab l e s  Z and 3. Also  
shown a r e  v a l u e s  of s p e c i f i c  h e a t  r a t i o  7 d e r i v e d  f r o m  the sound s p e e d  
and c o m p r e s s i b i l i t y  m e a s u r e m e n t s  u s ing  Eq.  (9). The m i x t u r e s  a g a i n  
w e r e  a p r o b l e m  b e c a u s e  c o m p r e s s i b i l i t i e s  w e r e  not  a v a i l a b l e .  F u r t h e r  
m e a s u r e m e n t s  a t  d i f f e r e n t  t e m p e r a t u r e s  a r e  in p r o g r e s s  to ob ta in  
t h e r m o d y n a m i c  p r o p e r t i e s  f r o m  the sound speed  m e a s u r e m e n t s  a lone .  

3.6 SUMMARY 

A c e l l  fo r  m e a s u r i n g  sound a b s o r p t i o n  and sound s p e e d  at  p r e s -  
s u r e s  up to 1000 a t m  and t e m p e r a t u r e s  up to 800°K has  b e e n  bu i l t  and 
t e s t e d .  A t t e n u a t i o n  m e a s u r e m e n t s  have  b e e n  m a d e  in th is  a p p a r a t u s  wi th  
b e t t e r  than  1% p r e c i s i o n .  T h e r e  a r e  l a r g e  d i f f r a c t i o n  l o s s e s  (~,0. Z n e p / c m )  
i n h e r e n t  to the a c o u s t i c  p r o b e s  u s e d  due to the r e c e s s e d  m o u n t i n g  of the 
a c o u s t i c  t r a n s d u c e r .  S ince  the d i f f r a c t i o n  l o s s e s  had  to be s u b t r a c t e d  
f r o m  the to ta l  a t t e n u a t i o n  c o e f f i c i e n t ,  the  p r e c i s i o n  of the a b s o r p t i o n  m e a -  
s u r e m e n t s  r e p o r t e d  was  r e d u c e d  as m u c h  as 15% a t  the h i g h e s t  p r e s s u r e s .  
While  t h e s e  e x p e r i m e n t s  w e r e  in p r o g r e s s  a new f lu sh  m o u n t i n g  t e c h n i q u e  
w a s  d e v e l o p e d  r e d u c i n g  the d i f f r a c t i o n  l o s s e s  by a f a c t o r  of 10 (to 0 .0Z 
n e p / c m ) .  This  i n c r e a s e  in p r e c i s i o n  wi l l  be r e f l e c t e d  in f u t u r e  a b s o r p -  
t ion  m e a s u r e m e n t s .  
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M e a s u r e m e n t s  of  a b s o r p t i o n  in  t h e  a r g o n - n i t r o g e n  s y s t e m  s h o w  
t h a t  t h e  e x p e r i m e n t  a n d  t h e o r y  a r e  in  a g r e e m e n t .  T h e r m a l  c o n d u c t i v i t i e s  
c o u l d  be o b t a i n e d  f r o m  the  s m o o t h e d  s o u n d  a b s o r p t i o n  d a t a  a n d  o t h e r  v i s -  
c o s i t  7 m e a s u r e m e n t s .  H o w e v e r ,  m o r e  a c c u r a t e  m e a s u r e m e n t s  a r e  in  
p r o g r e s s .  The  m e a s u r e m e n t s  of  s o u n d  a b s o r p t i o n  in  the  h e l i u m - a r g o n  
m i x t u r e  s h o w  t h a t  d i f f u s i o n  c o e f f i c i e n t s  a r e  d i f f i c u l t  to  o b t a i n  f r o m  a b -  
s o r p t i o n  m e a s u r e m e n t s  a t  h i g h  p r e s s u r e s .  T h i s  i s  d u e  to t h e  d e c r e a s e  
of  t he  d i f f u s i o n  l o s s e s  w i t h  an  i n c r e a s e  in  p r e s s u r e .  On  t h e  o t h e r  h a n d ,  
t h e  d e c r e a s e  of  s i g n i f i c a n t  d i f f u s i o n  l o s s e s  m e a n s  t h a t  a c c u r a t e  m e a s u r e -  
m e n t s  of  t h e r m a l  c o n d u c t i v i t y  a n d  v i s c o s i t y  m a y  be  o b t a i n e d  f r o m  a b -  
s o r p t i o n  m e a s u r e m e n t s  in  g a s  m i x t u r e s  a t  h i g h  p r e s s u r e s .  

F i n a l l y ,  s o u n d  s p e e d  v e r s u s  p r e s s a r e  m e a s u r e m e n t s  w e r e  m a d e  
in  the  a r g o n - n i t r o g e n  and  a r g o n - h e l i u m  s y s t e m s .  The  m a j o r  r e a s o n  
f o r  s o u n d  s p e e d  v a r i a t i o n  w i t h  p r e s s u r e  b e l o w  I00  a r m  i s  t he  c h a n g e  
in  t he  s p e c i f i c  h e a t  r a t i o ;  t h e r e f o r e ,  s p e c i f i c  h e a t  r a t i o s  w e r e  d e r i v e d  
f r o m  the  s o u n d  s p e e d  m e a s u r e m e n t s  in  t h e  a r g o n - n i t r o g e n  s y s t e m .  
B e c a u s e  the  u n k n o w n  e x c e s s  v i r a l  c o e f f i c i e n t s  a r e  l a r g e  in  t h e  h e l i u m -  
a r g o n  m i x t u r e s  no a t t e m p t  w a s  m a d e  to o b t a i n  s p e c i f i c  h e a t  r a t i o s  f o r  
t h e s e  g a s e s .  V a r i a t i o n  of  p r e s s u r e  a b o v e  100 a t m  and  v a r i a t i o n  of  
t e m p e r a t u r e  w i l l  p r o v i d e  b o t h  c o m p r e s s i b i l i t y  a n d  s p e c i f i c  h e a t  r a t i o  
f r o m  s o u n d  s p e e d  a l o n e .  T h e r m o d y n a m i c  p r o p e r t i e s  of  g a s  m i x t u r e s  
a t  p r e s s u r e s  a b o v e  Z00 a t r n  a r e  n o t  w e l l - k n o w n ;  t h e r e f o r e ,  t he  s o u n d  
s p e e d  m e a s u r e m e n t  i s  v e r y  u s e f u l .  
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Table Z. Sound speed data in the argon-nitrogen systems 

0-Z00 psi CellI 

Sound 

N i t r o g e n  

0-30, 000 psi Cell I/ 

Sound 

P r e s s u r e  Temp.  Speed P r e s s u r e  Temp.  Speed  

p T C 7 P T C 
atm OK m/sec atm °X • m/sec 

7 

3.93 300.3 353.0 1.401 8.84 302.6 349. Z 
3.93 299.8 353.2 1.405 Z0.41 302.5 357.6 

14.67 Z99.6 355. Z 1.422 40.8Z 30Z. 6 360.9 
Zl. 54 Z99.6 356.3 1.4Z8 61.2Z 302.7 366.4 
28.35 299.8 358.3 1.448 81. Z9 303.3 371.6 
34.88 Z99.4 359.7 1.455 10Z. 04 303.5 378. 1 
41.61 Z99.0 360.3 1.463 122.44 303.5 383.9 
55. ZZ Z98.4 36Z. 9 1.484 14Z. 86 303. Z 395.4 
6Z. 36 Z98.6 365. Z 1.504 163.37 30Z. 7 407.6 
68.6Z 298.6 367.3 1.509 184.0 302.3 411.9 
82.90 Z99.0 37Z. 5 1.534 Z25.5 301.3 445.9 
88.76 Z97.8 374.6 1.550 Z64.3 301.9 464. Z 
88.62 297.8 37Z. Z 1.531 295.2 301.3 488.0 
95.69 Z97.8 375.9 1.553 3Z8.6 301.3 505.7 

I0Z. 36 297.8 378.4 1.565 357.8 301. Z 527. 0 
10Z. Z2 Z97.8 378.4 1.565 

50 NZ-50 Ar 

p T C 7 

7.75 Z95.6 327.1 
14.69 Z96.5 3Z8.6 
ZI.43 Z99. Z 330. Z 
Z8. Z3 Z97.7 331.7 
35.44 297.7 333.1 
41.70 Z97.8 334.4 
49.18 297.7 334.9 
55. Z4 Z97.7 339. Z 
61.43 297.7 338.7 
68.37 Z97.7 339. Z 
74.97 Z97.7 34Z. 0 
80.00 Z98.2 343.0 

p T C 

68.03 306.1 339.9 
81.63 305.9 34Z. 6 
95.24 306.0 349.9 

109.5 305.6 355.5 
IZ2.8 305.0 360.0 

I. 361 
i .  4Z5 
I. 449 
I. 493 
I. 505 
I. 533 
I. 556 

7 
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Table 2. Sound speed data in the argon-nitrogen systems (cont' d) 

0-200 psi Cell I 

Sound 
P r e s s u r e  Temp. Speed 

p T C 
atm OK m / s e c  

7.35 299.8 320.6 
ZI. 91 297.6 322.0 
28.30 297.7 322.9 
34.2Z 297.7 323.8 
42.25 297.7 324.8 
48.64 297.7 326.9 
54.83 297.7 326.6 
61.84 298. 0 328. 1 
68.10 298.0 329.5 
74.70 297.8 330.2 
81.78 298.2 332.2 
88.44 298.2 333.9 
95.24 298.2 335.6 

102.04 298.3 337.4 

p T C 

7.96 300.4 323. 
14.35 301.0 323. 
31.64 301.0 325. 
28.57 301.0 326. 
35.24 301.0 327. 
42.38 301.0 328. 
48.98 301.0 329. 
55.24 301.0 330. 
61.50 301.0 331. 
68.64 301.0 332. 
75.10 301.2 334. 
81.50 301.0 334. 
82.30 301.0 336. 
95.10 301.2 338. 
101.91 301.2 340. 

Argon 

0-30,000 psi Cell I I  

Sound 
P r e s s u r e  Temp. Speed 

7 P T C 7 
atm oK rn/sec 

I. 648 60.88 304. 9 328.2 
1.686 81.29 304.8 331.4 
I. 708 I01.4 304.4 340.2 
I. 720 121.8 304. 4 343.6 
I. 779 140.5 303. Z 350. 5 
I. 811 163.3 303. Z 356. 5 
I. 808 181.6 303. Z 368. 1 
I. 844 204.8 303.9 377. Z 
I. 849 224.8 303.9 384. 5 
I. 863 245.9 304. Z 400.4 
I. 890 266.3 304.6 407.3 
I. 915 289. 1 305. 6 418. 8 
i. 940 311.6 305.4 433.3 
I. 968 329.9 305.4 443.4 

345.6 304.4 453. 5 

0.9 Ar-0.  1 N 2 

,y 

8 
8 
0 
1 
6 
5 
0 
4 
2 
1 
1 
8 
6 
4 
4 

1. 787 
1. 840 
I. 961 
2. 018 
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Table  3. Sound s p e e d  da ta  in a 0.474 a r g o n - 0 .  526 h e l i u m  m i x t u r e  

0-200 psi Cel l  I 0-30~ 000 psi Cel l  I I  

Sound Sound 
Pressure Temp. ~ Pressure Temp. Speed 

p T C 7 p T C 
atm oK m/sec atrn OK m/sec 

7.35 299.0 426.4 
14. 69 299.0 428.4 
21.77 299. 0 430.4 
28. 16 296.8 430.6 
35. I0 297.4 432. 1 
41.77 297.4 434.8 
41.77 296.4 432.5 
48.44 297.4 436. 1 
49.52 296.6 436.7 
54. 97 297.7 430.8 
61 .77  297 .7  4 4 1 . 0  
68.98 297.7 443. l 
75. I0 297.9 445.3 
81 .90  2 9 7 . 9  447. I 
89. 12 297 .9  4 4 7 . 5  
96.26 297.9 449.3 
10Z. 04 297.9 451. I 

7 
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SE C TION IV 

SCHLIEREN INTERFEROME TER 

4. 1 WOLLASTON PRISM DIFFERENTIAL INTERFEROMETER 

A d i f f e r e n t i a l  i n t e r f e r o m e t e r  m e a s u r e s  the index  of r e f r a c t i o n  
g r a d i e n t .  This  in t u r n  is d i r e c t l y  p r o p o r t i o n a l  to the d e n s i t y  g r a d i e n t  
fo r  m a n y  s y s t e m s  of i n t e r e s t .  The m e a s u r e m e n t  of t h e r m a l  c o n d u c -  
t iv i ty  by c o n v e n t i o n a l  t e c h n i q u e s  r e q u i r e s  t e m p e r a t u r e  d e r i v a t i v e s  to 
be c a l c u l a t e d  f r o m  t e m p e r a t u r e  m e a s u r e m e n t s .  S ince  the d i f f e r e n t i a l  
i n t e r f e r o m e t e r  m e a s u r e s  g r a d i e n t s  d i r e c t l y  in the gas  i t  has  s o m e  in-  
t e r e s t i n g  a p p l i c a t i o n s  fo r  t h e r m a l  c o n d u c t i v i t y  m e a s u r e m e n t s .  The 
p r o b l e m  is to f ind f lows  w h e r e  the t e m p e r a t u r e  g r a d i e n t s  in the con-  
s e r v a t i o n  of e n e r g y  e q u a t i o n  m a y  be e l i m i n a t e d  in  f a v o r  of the d e n s i t y  
g r a d i e n t .  The t e m p e r a t u r e  f ie ld  about  a body  in  f r e e  c o n v e c t i o n  and 
the end wa l l  b o u n d a r y  l a y e r  a r~  two such  a p p l i c a t i o n s .  

The " s c h l i e r e n "  or  W o l l a s t o n  p r i s m  d i f f e r e n t i a l  i n t e r f e r o m e t e r  
is  a v e r y  u s e f u l  d e v i c e  in i ts  own r igh t .  It  is  s i m p l e  and not  as  s e n s i t i v e  
to v i b r a t i o n  as the u s u a l  i n t e r f e r o m e t e r .  Wol l a s ton  p r i s m  d i f f e r e n t i a l  
i n t e r f e r o m e t e r s  have  b e e n  d e s c r i b e d  by L a m b  and S c h r e i b e r  (R.ef. 6) 
for  a r c  a p p l i c a t i o n s  and by O e r t e l  (Ref. 36) fo r  s h o c k  t u n n e l  a p p l i c a t i o n s .  
The " p r i m a r y  i n t e r e s t  in this  i n s t r u m e n t  is b a s e d  on S m e e t s  (Refs .  37, 7) 
t h e r m a l  c o n d u c t i v i t y  d e t e r m i n a t i o n s  u s ing  the end wa l l  b o u n d a r y  l a y e r .  

A s c h e m a t i c  of the b a s i c  a p p a r a t u s  is shown in F i g u r e  14. The  
l i gh t  f r o m  any  po in t  in the FX1Z m e r c u r y  l igh t  s o u r c e  is p o l a r i z e d  so the 
e l e c t r i c  v e c t o r  is 45 ° to the op t i c a l  axis  of the W o l l a s t o n  p r i s m .  The 
p r i s m  is c o n s t r u c t e d  of two o p t i c a l l y  a c t i v e  q u a r t z  w e d g e s  (Ref. 6) 
c e m e n t e d  t o g e t h e r  wi th  c r o s s e d  o p t i c a l  ax i s .  The W o l l a s t o n  p r i s m  
b r e a k s  the p o l a r i z e d  l igh t  into two r a y s  of equa l  i n t e n s i t y  d i v e r g i n g  
at  an  ang le  c .  The l ens  L 1 is f o d u s e d  t h r o u g h  the W o l l a s t o n  p r i s m  
and the p o l a r i z e r  into the c e n t e r  of the l igh t  s o u r c e .  T h e r e f o r e  the 
d i v e r g i n g  r a y s  f r o m  the p r i s m  a r e  c o n v e r t e d  into p a r a l l e l  r a y s  by  L 1. 
In add i t ion ,  the r a y s  a r e  s e p a r a t e d  by  a d i s t a n c e  d. A s i m i l a r  s y s t e m  
r e c o m b i n e s  the two r a y s  on the f i l m  p l ane  of the c a m e r a .  The l ens  L Z 
is f o c u s e d  on an  i m a g i n a r y  o b j e c t  in the c e n t e r  of the t e s t  r e g i o n .  

When the t e s t  r e g i o n  is u n i f o r m  a f r i n g e  p a t t e r n  d e v e l o p s  due to 
p h a s e  sh i f t s  w i th in  the two W o l l a s t o n  p r i s m s  (Ref. 6). The l o c a t i o n  of 
the f r i n g e s  (or e q u i v a l e n t l y  the p h a s e  sh i f t s  in the s y s t e m )  d e p e n d s  on 
the w a v e l e n g t h  of the l ight .  Thus r e d  f r i n g e s  do not  f o r m  at  the s a m e  
p l a c e  on the p h o t o g r a p h i c  p l a n e  as the y e l l o w  o r  blue f r i n g e s .  V i s u a l l y  
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the  i n t e r f e r e n c e  p a t t e r n  f r o m  whi te  l i gh t  s e p a r a t e s  the c o l o r s .  On a 
p h o t o g r a p h  the e f f ec t  is  to show f u z z y  f r i n g e s  s i n c e  the c a m e r a  does  
not d i s c r i m i n a t e  a m o n g  the c o l o r s .  An e x a m p l e  of th is  e f f ec t  is  shown 
in F i g u r e  15 w h e r e  p h o t o g r a p h s  of the f r i n g e  f i e ld  wi th  a 500~k wide  
f i l t e r  and a 100~ wide  f i l t e r  a r e  d i s p l a y e d .  V e r y  good f r i n g e s  a r e  
ob ta ined  u s i n g  a 100~k wide  f i l t e r  c e n t e r e d  on the 467 l~k xenon  l ine .  

4. Z THERMAL GRADIENTS ABOUT A HORIZONTAL CYLINDER 

IN FREE CONVECTION 

The f r i n g e  f i e ld  for  a long c e r a m i c  c y l i n d e r  he ld  a t  a p p r o x i -  
m a t e l y  900°C in a i r  wi th  f r e e  c o n v e c t i o n  is  shown in F i g u r e  16. The 
h o r i z o n t a l  g r a d i e n t s  a r e  ob ta ined  a l ign ing  the i n t e r f e r o m e t e r  so tha t  
the f r i n g e s  a r e  v e r t i c a l .  S i m i l a r l y  r e a l i g n i n g  the i n t e r f e r o m e t e r  the 
v e r t i c a l  g r a d i e n t s  m a y  be ob t a ined  as shown in the u p p e r  p h o t o g r a p h .  
The v e r t i c a l  f r i n g e  a long  the  s t a g n a t i o n  l ine  shows tha t  the h o r i z o n t a l  
g r a d i e n t  is  z e r o .  The v e r t i c a l  g r a d i e n t s  a r e  a m a x i m u m  along the 
s a m e  l ine .  The t h e r m a l  c o n d u c t i v i t y  cou ld  be d e t e r m i n e d  by a s i m i l a r  
e x p e r i m e n t  if the c o n v e c t i v e  flow v e l o c i t y  could  be d e t e r m i n e d .  This  
e x p e r i m e n t  would  avoid  m a n y  of the r a d i a t i v e  and  c o n v e c t i v e  c o r r e c -  
t ions  w h i c h  b e c o m e  i m p o r t a n t  at  h igh  t e m p e r a t u r e s  and p r e s s u r e s  in 
c o n v e n t i o n a l  t h e r m a l  c o n d u c t i v i t y  m e a s u r e m e n t s .  

4.3 THEORY OF THERMAL CONDUCTIVITY MEASUREMENTS 

IN THE END WALL BOUNDARY LAYER 

The d e t a i l e d  t h e o r y  of the W o l l a s t o n  p r i s m  d i f f e r e n t i a l  i n t e r -  
f e r o m e t e r  is  g i v e n  in R e f e r e n c e s  6 and 26. The b a s i c  t h e o r y  fo r  the 
t h e r m a l  c o n d u c t i v i t y  m e a s u r e m e n t  in the end wa l l  b o u n d a r y  l a y e r  m a y  
be u n d e r s t o o d  by c o n s i d e r i n g  the two r a y s  c r e a t e d  by the W o l l a s t o n  
p r i s m  as they  p a s s  t h r o u g h  the s h o c k  tube .  The r a y  t r a v e l i n g  t h r o u g h  
the c o o l e r  gas  t r a v e l s  at  a s l i g h t l y  s l o w e r  s p e e d  b e c a u s e  the d e n s i t y  
of the gas  i n c r e a s e s  as  i t  coo l s .  The two r a y s  t h e r e f o r e  d e v e l o p  a 
p h a s e  d i f f e r e n c e  in the t e s t  gas  g i v e n  by 

A ~  _ ~. ( n  - n ) (ZO)  
Z w k +d -d  

w h e r e  ~ is the l e n g t h  of the t e s t  s e c t i o n ,  k the w a v e l e n g t h  of the  l ight ,  
n +d and n - d  a r e  the i n d e x e s  of r e f r a c t i o n  a d i s t a n c e  y + d f r o m  the 

- - Z  
end wal l .  The t h e o r y  of the op t i c s  g ives  the f r i n g e  shi f t  As in t e r m s  
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of the p h a s e  shi f t  and the u n d i s t u r b e d  f r i n g e  s e p a r a t i o n  s by the r e l a t i o n  

As A--#- s = s ~ = 2~r "[- (n +d " n_d ) (Z I) 

or  f ina l ly  m u l t i p l y i n g  and d iv id ing  by the  r ay  s e p a r a t i o n ,  d, we ob ta in  a 
r e l a t i o n  b e t w e e n  the d e n s i t y  (or i ndex  of r e f r a c t i o n )  g r a d i e n t  and the 
f r i n g e  shif t  

d_p_ _ 1 dn _ 1 As k 1 (2Z) 
dy a dy a s t d 

w h e r e  a is  the G l a d s t o n e - D a l e  c o n s t a n t  fo r  the gas  in ques t i on ,  p the 
d e n s i t y  of the gas  and y the d i s t a n c e  f r o m  the end  wal l .  

E q u a t i o n  (22) r e l a t e s  the m e a s u r e d  f r i n g e  shi f t  As to the d e n s i t y  
g r a d i e n t .  The r e l a t i o n s  n e e d e d  to ob ta in  t h e r m a l  c o n d u c t i v i t y  c o m e  
f r o m  the b o u n d a r y  l a y e r  equa t ions .  A su i t ab l e  way  of wr i t i ng  the 
e n e r g y  equa t ion  was  d e r i v e d  in l a s t  y e a r '  s f ina l  r e p o r t  (Ref. 7). The 
equa t ion  is  

in 1 1 Cpe p e )2 z) e pe (y_yl) + C (23) 

e e 

w h e r e  the s u b s c r i p t  1 r e f e r s  to the r e f e r e n c e  po in t  c l o s e  to the end wal l ,  
Cpe is the s p e c i f i c  hea t ,  and k e the t h e r m a l  conduc t iv i ty .  The s i m i l a r i t y  
p a r a m e t e r  W 1 is  de f ined  by  

Yl 

I/0 1 - ~ p dy (24) 

and t is the time measured from the time that the shock wave is reflected 

from the end wall. 
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4.4 APPLICATION OF DIFFERENTIAL INTERFEROMETER 
TO THE WALL BOUNDARY LAYER 

The s t e p s  i n v o l v e d  in app ly ing  E q u a t i o n s  (ZZ) and (Z3) to the m e a -  
s u r e m e n t  of t h e r m a l  c o n d u c t i v i t y  a r e  (1) d e r i v e  the d e n s i t y  g r a d i e n t  f r o m  
the m e a s u r e d  f r i n g e  sh i f t  on the i n t e r f e r o g r a m  of the end wa l l  b o u n d a r y  
l a y e r ;  (Z) f i t  the  d e n s i t y  g r a d i e n t  to the q u a d r a t i c  func t ion  of d i s t a n c e  
f r o m  the r e f e r e n c e  po in t  ( y l - y )  Z. The t h e r m a l  c o n d u c t i v i t y  is g i v e n  by 
the c o e f f i c i e n t  of the q u a d r a t i c  t e r m  in Eq. (23). A d d i t i o n a l l y ,  the 
s i m i l a r i t y  p a r a m e t e r  ~ 1 m a y  be e s t i m a t e d  to wi th in  a few p e r c e n t  and 
the l i n e a r  t e r m  in (Z3) m a y  then  be u s e d  to d e t e r m i n e  t h e r m a l  c o n d u c -  
t iv i ty .  

T h e r e  a r e  s e v e r a l  i m p o r t a n t  po in t s  abou t  Eq.  (Z3) w h i c h  m i n i m i z e  
e x p e r i m e n t a l  e r r o r s  in the t h e r m a l  c o n d u c t i v i t y  m e a s u r e m e n t s .  F i r s t ,  
s i n c e  the r a t i o  of the d e n s i t y  g r a d i e n t s  a t  two po in t s  is  the i m p o r t a n t  
p r o p e r t y  in Eq.  (Z3), the p r o p o r t i o n a l i t y  f a c t o r s  in Eq.  (22) do not  n e e d  
to be known,  tha t  i s ,  

~ s  
1 (zs) 

As 

In add i t i on ,  the m a g n i f i c a t i o n  in  the d i r e c t i o n  p a r a l l e l  to the end wa l l  
d r o p s  out.  The l o c a t i o n  of the end wa l l  is  a l so  not n e c e s s a r y  b e c a u s e  
on ly  the d i f f e r e n c e s  in d i s t a n c e  f r o m  the  wa l l  o c c u r  in  the f i na l  e x p r e s -  
s ion  fo r  t h e r m a l  c o n d u c t i v i t y  (Eq. Z3). The m a g n i f i c a t i o n  in this  d i r e c -  
t ion is  i m p o r t a n t  and is e a s i l y  d e t e r m i n e d  by i n s e r t i n g  an a c c u r a t e l y  
known c y l i n d e r  in the t e s t  s e c t i o n  and p h o t o g r a p h i n g  it .  F i n a l l y ,  the 
a c c u r a c y  of the l i n e a r i z a t i o n  w h i c h  l e a d s  to Eq.  (Z3} is  a u t o m a t i c a l 1 7  
d e t e r m i n e d  by the s i z e  of the c o n s t a n t  (C) wh ich  a p p r o a c h e s  z e r o  as  
the d e v i a t i o n  f r o m  f r e e  s t r e a m  c o n d i t i o n s  d e c r e a s e s  o v e r  the p o r t i o n  
of the b o u n d a r y  l a y e r  in  the s c h l i e r e n  f ie ld .  

Some  m e a s u r e m e n t s  of the f r i n g e  d i s p l a c e m e n t  on a t y p i c a l  end 
wa l l  s c h l i e r e n  i n t e r f e r o g r a m  a r e  shown in F i g u r e  17. The p o s i t i o n  of 
the end wa l l  is i n d i c a t e d  by the v e r t i c a l  a r r o w .  The da t a  a r e  m e a s u r e d  
po in t s  on the f r i n g e .  Taking  the f a c t o r  of two m a g n i f i c a t i o n  on the  
p h o t o g r a p h  into a c c o u n t  the f r i n g e s  a r e  d i s c e r n a b l e  to w i th in  0. 1 m m  
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of the end wal l .  The s e p a r a t i o n  of o r d i n a r y  and e x t r a o r d i n a r y  r a y s  
in the t e s t  s e c t i o n  (the r a y s  w h i c h  i n t e r f e r e  to give the f r i n g e s )  is  
abou t  0. 047 m m ,  m u c h  s m a l l e r  than the b o u n d a r y  l a y e r .  The to ta l  
b o u n d a r y  l a y e r  is 3 m m  thick.  The f r i n g e s  a r e  s t r a i g h t  l i n e s  wi th  
~Z0% s lope  in the u n i f o r m  p a r t  of the r e f l e c t e d  s h o c k  r e g i o n .  C l o s e r  
to the end w a l l  in the b o u n d a r y  l a y e r  the f r i n g e s  bend u p w a r d .  The 
to t a l  t e m p e r a t u r e  c h a n g e  in the p a r t  of the b o u n d a r y  l a y e r  a f f ec t ing  
the f r i n g e s  is abou t  3000°K.  This  m e a n s  that  ha l f  of the t e m p e r a t u r e  
d r o p  i s ' i n  the o u t e r  3 m m  of b o u n d a r y  l a y e r  and ha l f  of the d r o p  is 
in the r e m a i n i n g  0. 1 r am.  The t e m p e r a t u r e  g r a d i e n t  n e a r  the end 
wa l l  is  v e r y  s t e ep ,  wh i l e  the o u t e r  r e g i o n s  show s m a l l  t e m p e r a t u r e  
g r a d i e n t s .  This  is the b a s i s  of the l i n e a r i z a t i o n  of the e n e r g y  e q u a -  
t ion  to g ive  the u s e f u l  r e l a t i o n  Eq.  (~3). 
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SEC TION V 

THERMAL CONDUCTIVITY MEASUREMENTS WITH SCHLIEREN 
IN TERFEROME TER 

T h e  t h e r m a l  c o n d u c t i v i t y  o f  n i t r o g e n ,  0. Z5 a r g o n - 0 .  75 h e l i u m  
m i x t u r e ,  a n d  a i r ,  w a s  m e a s u r e d  a t  t e m p e r a t u r e s  u p  to  5 0 0 0 ° K  a n d  
p r e s s u r e s  u p  to  6 a t m  u s i n g  t h e  s c h l i e r e n  i n t e r f e r o m e t e r  on  t h e  e n d  
w a l l  of  t h e  s h o c k  t u b e .  T h e  f r e e  s t r e a m  t e m p e r a t u r e  a n d  p r e s s u r e  
of  t h e  t e s t  g a s  b e h i n d  t h e  r e f l e c t e d  s h o c k  w e r e  d e t e r m i n e d  f r o m  
i n c i d e n t  s h o c k  s p e e d  m e a s u r e m e n t s  (Ref .  38).  T h e  t r a n s i t  t i m e  
d e t e r m i n e d  f r o m  h e a t  t r a n s f e r  g a u g e s  1 0 6 . 0 5  c m  a n d  1 4 . 6 1  c m  f r o m  
t h e  e n d  w a l l  w a s  u s e d  to d e t e r m i n e  t he  w a v e  s p e e d .  In  a d d i t i o n ,  a n  
e n d  w a l l  h e a t  t r a n s f e r  g a u g e  w a s  u s e d .  

A h e a t  t r a n s f e r  t r a c e  i s  s h o w n  in  F i g u r e  17 a l o n g  w i t h  a 
s c h l i e r e n  i n t e r f e r o m e t e r  p h o t o g r a p h  of  t h e  e n d  w a l l  b o u n d a r  7 l a y e r .  
T h e  u p p e r  h e a t  t r a n s f e r  t r a c e  i s  t h e  s i d e  w a l l  g a u g e  r e s p o n s e ,  t h e  
l o w e r  t r a c e  i s  t h e  e n d  w a l l  g a u g e  r e s p o n s e .  T h e  b r e a k  in  t h e  e n d  
w a l l  g a u g e  r e s p o n s e  i n d i c a t e s  t h e  e n d  of  t h e  u n i f o r m  c o n d i t i o n s  i n  
t h e  g a s  c l o s e  to  t h e  e n d  w a l l .  A b u r s t  of  r f  f r o m  t h e  f l a s h  t u b e  i n -  
t e r r u p t i n g  u n i f o r m  e n d  w a l l  t r a c e  i n d i c a t e s  w h e n  t h e  s c h l i e r e n  p h o t o -  
g r a p h  w a s  t a k e n .  T h e  t i m e  b e t w e e n  t h e  a r r i v a l  of  t he  s h o c k  w a v e  a t  
t h e  e n d  w a l l  ( the  s t e p  in  t h e  e n d  w a l l  t r a c e )  a n d  t h e  t i m e  of  t he  s c h l i e r e n  
p h o t o g r a p h  i s  g i v e n  b y  t h e  p o s i t i o n  of  t h i s  r f  p i c k u p .  T h i s  i s  t h e  t i m e  
w h i c h  s h o u l d  b e  u s e d  in  E q .  (23).  

S o m e  m e a s u r e m e n t s  of  f r i n g e  d i s p l a c e m e n t s  v e r s u s  d i s t a n c e  
f r o m  the  e n d  w a l l  f o r  a m e a s u r e m e n t  in  a i r  a r e  s h o w n  in  F i g u r e  18. 

T h e  r a t i o  of  A._s.s i s  a v e r a g e d  o v e r  a n u m b e r  of f r i n g e s .  T h e  r e s u l t -  
s 

i ng  A.__~s d a t a  a r e  f i t  to  a q u a d r a t i c  f u n c t i o n  of  d i s t a n c e  a s  d e s c r i b e d  
s 

a b o v e  in  t he  d i s c u s s i o n  of  E q .  (23).  T h e  r e s u l t i n g  t h e r m a l  c o n d u c -  
t i v i t y  v a l u e s  a r e  t a b u l a t e d  in  T a b l e  4. 
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Table  4. T h e r m a l  c o n d u c t i v i t y  of g a s e s  m e a s u r e d  by the 
s c h l i e r e n  t e c h n i q u e  

Nitrogen 

Tern e r a t u r e  

2620 
4373 
4707 
5141 

P r e s s u r e  
a t rn  

2 .29  
4 . 8 6  
5 .44  
6 .34  

T h e r m a l  
C o nduc t i v i t y  
m w / c m  °K 

2.10 
3.20 
3 .41  
4 . 1 0  

2246 
2258 
2398 
2550 
2572 
2999 
3157 
4539 

A i r  

1.87 
2 . 0 4  
2 . 0 8  
1.15 
0 .29  
0.30 

O. 57 
5.53  

1.87 
2.26 
2 . 1 5  
2 . 3 0  
2 . 2 5  
3. 00 
2 .88  
3. 10 

5571 

0 .75  H e - 0 . 2 5  Ar  

i. 24 5.43  
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SEC TION VI 

SUMMARY 

Sound a b s o r p t i o n  and sound speed  m e a s u r e m e n t s  w e r e  shown to 
be a u s e f u l  t e c h n i q u e  for  m e a s u r i n g  gas  t h e r m o d y n a m i c  and t r a n s p o r t  
p r o p e r t i e s  a t  h igh p r e s s u r e .  The s u m  of v i s c o s i t y  and t h e r m a l  con-  
d u c t i v i t y  can  be d e t e r m i n e d  f r o m  sound a b s o r p t i o n  m e a s u r e m e n t s  in a 
wide  v a r i e t y  of pu re  g a s e s  and gas  m i x t u r e s .  M e a s u r e m e n t s  of sound 
a b s o r p t i o n  in a r g o n - n i t r o g e n  and a r g o n - h e l i u m  m i x t u r e s  w e r e  m a d e  a t  
300°K and p r e s s u r e s  up to 100 atrn.  Good a g r e e m e n t  b e t w e e n  t h e o r y  
and e x p e r i m e n t  was  ob ta ined .  T h e s e  m e a s u r e m e n t s  d e m o n s t r a t e d  tha t  
l o s s e s  due to r e l a x a t i o n  and d i f fus ion  a r e  a d e q u a t e l y  d e s c r i b e d  by w e l l -  
known t h e o r y .  T h e r e f o r e ,  r e l a x a t i o n  and d i f fus ion  l o s s e s  m a y  be de -  
t e r m i n e d  and s u b t r a c t e d  f r o m  the to ta l  a b s o r p t i o n  to ob ta in  the s u m  of 
v i s c o s i t y  and t h e r m a l  conduc t i v i t y .  

The sound a b s o r p t i o n  is m o r e  s e n s i t i v e  to the d e n s i t y  d e p e n d e n c e  
of t r a n s p o r t  p r o p e r t i e s  than o t h e r  t r a n s p o r t  p r o p e r t y  m e a s u r e m e n t s  be -  
c a u s e  of the t r a n s l a t i o n a l  ( i n t r i n s i c  bull< v i s c o s i t y .  A t h e o r e t i c a l  r e l a t i o n  
b e t w e e n  bulk v i s c o s i t y  and v i s c o s i t y  would be u se fu l .  Such a r e l a t i o n s h i p  
can  p r o b a b l y  be e s t a b l i s h e d  r i g o r o u s l y  in the n e a r  fu tu re .  F o r  th is  r e a -  
son u l t r a s o n i c  a b s o r p t i o n  p r o v i d e s  s u p p o r t  fo r  long r a n g e  t h e o r e t i c a l  
d e v e l o p m e n t s  in  h igh d e n s i t y  gas  t r a n s p o r t  t h e o r y .  

T h e r m o d y n a m i c  p r o p e r t i e s  a r e  a l so  ob ta ined  f r o m  sound s p e e d  
m e a s u r e m e n t s .  T h e r m o d y n a m i c  p r o p e r t i e s  of m i x t u r e s  a t  h igh  p r e s s u r e  
a r e  not  g e n e r a l l y  ava i l ab l e ;  t h e r e f o r e ,  th is  i n f o r m a t i o n  is v a l u a b l e  in i ts  
own r igh t .  

Sound speed  m e a s u r e m e n t s  w e r e  m a d e  (with a c c u r a c i e s  b e t t e r  
t han  0. l°/0) in the a r g o n - n i t r o g e n  and a r g o n - h e l i u m  s y s t e m s  at  300°K at 
p r e s s u r e s  up to 400 a tm.  Spec i f i c  h e a t  r a t i o s  w e r e  d e d u c e d  for  the 
a r g o n - n i t r o g e n  s y s t e m .  M e a s u r e m e n t s  of sound speed  a t  s e v e r a l  t e m -  
p e r a t u r e s  and at  p r e s s u r e s  above 100 a t m  wi l l  a l low a c o m p l e t e  t h e r m o -  
d y n a m i c  d e s c r i p t i o n  of t h e s e  g a s e s  to be ob ta ined .  

The s c h l i e r e n  i n t e r f e r o m e t e r  was  a n a l y z e d  for  t h e r m a l  c o n d u c t i v i t y  
m e a s u r e m e n t s  at  t e m p e r a t u r e s  of 300°K and above .  D e n s i t y  g r a d i e n t  
p r o f i l e s  w e r e  m e a s u r e d  in the end wa l l  b o u n d a r y  l a y e r  of the s h o c k  tube.  
The t h e o r y  of end wa l l  b o u n d a r y  l a y e r  was  u s e d  to d e r i v e  an e x p r e s s i o n  
for  t h e r m a l  c o n d u c t i v i t y  in t e r m s  of the m e a s u r e d  d e n s i t y  g r a d i e n t  p r o -  
f i l e s .  M e a s u r e m e n t s  of t h e r m a l  c o n d u c t i v i t y  of n i t r o g e n  and a i r  w e r e  
m a d e  us ing  the s c h l i e r e n  i n t e r f e r o m e t r i c  t e c h n i q u e .  This  t e c h n i q u e  i s ,  
in the a u t h o r s  I op in ion ,  the be s t  way  to m e a s u r e  t h e r m a l  c o n d u c t i v i t y  
at  t e m p e r a t u r e s  b e t w e e n  3000°K and 8000°K. 
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Upper Trace 1 V/cm 
Lower Trace 0. 5 V/cm 

2 ~ sec/cm 
Argon 81.7 atm 

F i g .  1Z. The f i r s t  pu l s e  and f i r s t  echo  u s e d  fo r  a b s o r p t i o n  and v e l o c i t y  
m e a s u r e m e n t s .  
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V e r t i c a l  g r a d i e n t s  T- = 900°C 
W 

I'/ftiIifliilllti!, ' 
H o r i z o n t a l  g r a d i e n t s  

O 
T = 900 C 

W 

Fig .  16. T e m p e r a t u r e  f ie ld  of a h o r i z o n t a l  c y l i n d e r  in f r e e  c o n v e c t i o n .  (x 5) 
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Fringe Field (x 2) 

Heat Transfer Trace 
Z00 ~t sec/cm 

Fig. 17. End wall boundary layer fringes and heat transfer gauge response 
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